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4]

STUDY GUIDE SELF-PACED PHYSICS
P | STEP | NAME | P |STEP | SECTIOM SEGMENT 28
; |
i A
0.1| Reading: *HR 31-1/31-3 7 |
SZ 28-1/28-3; 25-5 | A 8 C D
AB 40-1/40-3 §
0.2 | Information Panel; "Introduction E
to the Study of the Electric i
Current" | 8
| A B C p
1 ;
A B C D T F
‘9 T F
1.1 | If your first choice was correct,
advance to 5.1; if not, con-
tinue sequence. (ans)
2 9.1} Information Papnel, 'Resistance
A B C D and Resistivity"
. 10 T F
3
A B c D (ans)
10.1{If correct, advance to 1l4.1; 1if
not, continue sequence.
4 11
A B Cc D A 8 € D
5 12 A B € D
A B C D ) F
5.1| Information Pane1,4"Curreht and 13 :
Current Density" A B ¢ D
E T F
(ans)
6.1|If correct, advance to 9.1; if
not, continue sequence.
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STUDY GUIDE

SELF-PACED PHYSICS

P | sTEP| NAME | p | STEP | sECTION SEGMENT 28
!
14 T F |
(ans)
14.1| Information Panel, "Applications
of Ohm's Law"
15 T F
(ans)
15.1|If correct, advance to 19.1; if
not, continue sequence.
16 A B c b R
117
(ans)
18
{ans)
19 T F
(ans)
19.1|Homework: HR 31-8

2 of 2
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STUDY GUIDE

SELF-PACED PHYSICS

T o rioududccu vlidcl Ll1Cgllse Irom the Mereditn Lorporatlon

P | 5TEP| NAME P | STEP | SECTION SEGMENT 29
0.1 | Reading: *HR 31-5; 32-1/32-4 | 7
*SZ 28-7
0.2 Information Panel, "Energy Trans-i
fers in an Electric Circuit" ! (ans)
T T F | g T F
(ans) (ans)
1.1| If correct, advance to 4.1; if 8.1| Information Panel, "Electro-
not, continue sequence. motive Force"
2 A B C D 2 A B ¢ b T §
3 A B c D 9.1; If your first choice was cor-
rect, advance to 14.1; if not,
continue sequence.
10 A B Cc b
4 T F
(ans) |[11 . A B c D
4,1| Information Panel, "Problems
in Joule Heating"
5 T F
12 A B C D
(ans)
5.1| If correct, advance to 8.1; if
not, continue sequence. 13 A B ¢ D
6
(ans)

1 of 2




STUDY GUIDE SELF-PACED PHYSICS
| p | ster| NAME | P | STEP [ SECTION SEGMENT 29
i
iy o
/ "ET T ‘ F
14 A B ¢ D TF =
) (ans)
14.1} Information Panel, '"Singlie Loop 21.17 71t correct, advance to 24.1; 1if
Circuits - One Seat of Emi" nut, continue sequence,
—_— ToF
15 | 22 A B C D
[
(ans)
15.1} If correc?, advance to 20.1; 4if ||23 A B c D
not, continue sequence.
16 A B Cc D
24 T F
'
17
A B C D (ans)
24.1| Homework: HR 32-6
18
(ans)
19
(ans)
20 T F
(ans)
20.1} Information Panel, "Single Loop
Circuits - Twe or More Seats of
Emf"

2 of 2




STUDY GUIDE SELF-PACED PHYSICS

P | STEP | NAME | P |STEP | SECTION SEGMENT 30
R | !
] |
0.1| Reading: *HR 32-3/32-5 ST ;
*SZ 29-1, 29-2 L |
SW 32-1/32-3 P
1 i
0.2| Inforzttion Panel, "Basic Char- | : (ans)
acteristics of Serjes and Paral-
lel Circuits! 8
— |
1 A B C D T F | %
!
; (ans)
'9 T F
] |
8 1.1| If your first choice was correct,
- advance te 4.1; if not, ccn- |
§ tinue sequence. [i (ans)
3 i
84 2 A B C D ‘ 9.1} Information Panel, ."Problems
0o Tnvolving lquivalent Resist—
o ance"
5
. 0 ,
- N 10 A 8 c D T F
@
M 3 A 8 C D
O
=
@
g
- 10.1} If your first choice was cor-
& rect, advance to P 16; if not,
5 4 A B c D T F continue sequence.
@
0 11
oot
@
O
:—J{
" 4.1 Information Panel, '"Equivalent ) (ans)
o Resistance"
o .
o | 12
22 T _F
o}
o
3 (ans)
'8 (ans)
by . 13
5.1 If correct, advance to 9.1; if
: not, continue sequence.
0]
)
] 6 ' (ans)
O
8]
Pt

(ans)

1l of 2



STUDY GUIDE

SELF-PACED PHYSICS

SECTICN

,[ NAME . P |sTep SEGMENT 30
|1-/§ A & T [ 21 A ) - D
1 et e ———— ‘ — - - q
| LA ]
L.M“J md Ve d L i ]
|
|
15 ey D E 2 A 3 ¢ b T ¥
! -
J LD iR
—~—— i ) L, i
e (ana) !
16 L T F
____(ans) _ (ans)
16.1| If correct, advance to 1£.1; if 23.11 if correct, advance to 26.1; if
not, continue sequence. not, continue sequence.
17 24
(ans) (ans)
(ans)
18.1| Information Panel, "Using 26 T F
Kirchhoff's Rules'
18.2| Audiovisual, KIRCHHOFF'S RULES
. v (ans)
19 A B C D T F
26.1| Homework: HR 32-22
19.1| If your first choice was cor-
rect, advance to P 23; if not,
continue sequence.
20 A B C D

2 of 2
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STUDY GUIDE SELF-PACED PHYSICS
| p |sTer| NAME | P !ster | secrion SEGMENT 3
= T
0.1 | Reading: *HR 32-6, 32-7 L7 TF
*S7 29-3/29-6 L !
SW 32-4 L i
I |
0.2 | Information Panel, "The Ammeter' | i (ans)
i T F i 7.1; if correct, advunce to 10.1;
! i 1if not, centinue secquence.
! i
. 8 |
B C D
(ans) f A
1.1 If correct, advance to 6.1; :
if not, continue sequence.
2 I o9
A B C D |
(ans)
3 10 T F
A B C D
(ans)
4 _ 10.1 Iuformation Panel, '"The
A B C D Potentiometer"
Ei T F
=5
5
(ans)
11.1} If correct, advance to 14.1;
{ans) if not, continue sequence.
6 T F 12
A B o D
(ans)
6.1] Information Panel, "The Volt- 13
meter"
(ans)

1l of 2



STUDY GUIDE

SELE-PACED PHYSICS

NAME

P |sTEP P | STEP | SECTION SEGMENT 31
!
14 T _F !
N
I
| |
(ans)}g :
14.1) Information Panel, "The é?
Wheatstone Bridge" I !
- ! |
15 T F |
1> __]§!
{ans)
15.1] If correct, advance to 18.1;
| if not, continue sequence.
16
(ans)
17
A B C b
18 T F
(ans)
18.1] Homework: Sz 29-18
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SEGMENT 28 1

INFORMATION PANEL Introduction to the Study of the Electric Current

OBJECTIVE

To recognize the conditions required for an electric current, and relate
such a current to the electric field or potential gradient in the con-
ductor.

When electric charges are at rest in an object they are referred to as
static charges. If the total charge comprises equal numbers of negative
and positive charges, then the body is said to be neutral. A charge is
detectable by mezns of an electroscope or a similar instrument only if
there is a net positive or negative charge rroduced by an excess or
deficiency of one of the charge types.

An isolated electrical conductor contains a large number of electrons
that are so loosely bound to atomic nuclei that they may be called "free"
electrons. Such electrons are in constant random motion so that the
total number passing through a given cross section of the conductor in
one direction is, on the average, equal to the total number passing
through-it in the opposité direction at any instant. This is analogous
to the condition of electrostatic neutrality mentioned above since there
is no net flow of electrons in the conductor, hence, no detectable effect
due to charge motion. In short, in order to observe a flow of charge, it
1s necessary that the total number of charges per unit time moving in one
direction be greater than the total number per unit time moving in the
opposite direction through the same cross section.

When a conductor that is insulated from its surroundings is placed in an
electric field, the charges in the conductor do undergo a net motion in
the process of rearranging themselves so as to moke the inside of the
conductor a field~free region. When this process is completed, the
charges again come to rest showing that there is no difference of poten~
tial between various points in the interior of the conductor. Thus,
during the interval when the charges are shifting their positions, there
is a short-duration electric current called a frangient. However, this
current ceases when the electric field inside the conductor becomes zero
and the potential becomes constant.

To maintain a steady flow of charge or a continuoug current in a metal
wire, the external source of the electrostatic field must be capable of
preventing the field within the conductor from dropping to zero. That
is, the source must maintain a potential difference between two given
points in the wire; this is 'tantamount to maintaining a potential
gradient throughout the length of conductor between the points in
question,

next page



2 SEGMENT 28

continued

When an electric field is maintuined in the manner described, this fiei.
£ will give rise to a force that acts on the free electrons, giving them
a resultant motion in the direction of -E. This establishes an electric
current. i which is related to the net charge q passing through any cross
section in a given time t by the expression:

1 = q/t

assuming a constant current. Thus, an electric current may be defined as
the rate of flow of charge past any cross-sectional plane in a conductor.

In this section you wil;wsncounCer problems which require that you
R
(a) recognize that a continuous current can be established if there
is an electric field or a potential gradient in the interior of the N

conductor;

(b) recognize that the electric field inside an isolated conductor
is zero;

(¢c) recognize that the net motion of charges in an isolated con-
ductor is zero.

PROBLEMS

1. A continuous current will be present in a metallic conductor if
A. a continuous field or potential gradient is maintained within it
B. the conductor has a connection to ground
C. the conductor has an induced charge on its surface

D. charges in the conductor are free to move

ERIC
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SEGMENT

28

2. Which of the following is a true -tatement about electrons in an
isolated, uncharged metallic conduc

A.

B.

3. The
charged

A.

D.

ERIC
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The electrons are always . .he surface of the conductor.

Their net effect is such that they can be considered to be at
the center of the conductor. ‘

They are in random motion, so that the net motion in any
direction is zero.

The electrons are permanently attached to the positive ions
comprising the lattice until an electric field is applied.

electric field intensity inside a solid, isolated, negatively-
conductor is:

constant in magnitude and pointing away from the center of
the conductor

constant in magnitude and pointing towards the center of
the conductor

pointing towards the center and decreasing in magnitude as
one goes away from the surface, the center having zero
magnitude

zero everywhere



SEGMENT 28

4., The figure depicts a positively charged metal sphere hanging from a

i non-conducting string. The
string passes through a small
hole in the lid of a metal
container. What will happen
when.the charged sphere touches
the inside walls of the con-
tainer?

—_—

N
NN \kg

N0

NN

NN

e

All the charge will leave the sphere and will distribute itself
uniformly on the exterior surface of the container.

All the charge will leave the sphere and distribute itself
uniformly throughout the walls of the container.

Half of the charge will leave the sphere and will distribute
itself uniformly on the exterior surface of the container.

All the charge will remain on the sphere.

5. A continuous field or potential gradient is maintained in a conductor
when properly connected to

A,

oOw

a resistor

a capacitor

a battery or a generator
ground



SEGMENT 28 5

INFORMATION PANEL Cu~rent and Current vensity

OBJEC' tVE

1u relate the magnitude of an electric current to the rate of transfer of
charge; to define current density.

For a constant current,
1 = qlt

but when the current varies with time, its instantaneous value is given
by the differential limit of this expression or,

i = dq/dt

The MKS unit of electric current, one coul 7b per second, is called the
ampere and is abbreviated amp. Small curre-ts may be more conveniently
given in terms of the

milliampere (ma) where 1 ma = 10 p
or

microampere (pa) where 1 pya = 10~ amp

In the literature describing very small currents, you will encounter the
nanoampere (10~2 amp) and the picoampere (10-!? amp). Current is a
scalar quantity.

Current density j for a current that is uniformly distributed throughout
the body of the conductor is given by the following relation (for a given
cross section):

j=1/A

sv that current density is essentially current magnitude per unit cross-
sectional area. Current density is a vector quantity whose magnitude is
given by the last equation. The direction of j is the direction in which
a positive charge would move at that point, hence, an electron at the
same point would move in the direction —3.

next page
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) SEGMENT 28

continued

Despite the fact that we recognize the electron as the charge carrier in
metals, we shall continue to consider all charge carriers as positive in
order not to conflict with definitions given for the direction of the
electric field and potential gradient. Thus, the arrow showing the
direction o un electric current in a wire is drawn in the direction that
a positive charge would move in that field.

The problems in this section entail understandlngs associated with the
definition of the electric current, charge motion, current density, and
the units used to measure charge and current in the MKS system.

6. Current enters a cylindrical wire of diameter 1/4 in., the current
density being 80 amp/m?. The wire eventually tapers down to a diameter
of 1/16 im. What is the current density in this thinner portion of the

wire, in amp/m??

7. '~ - is the relationship betweer current (7) and the rate of transfer
of ciarge dq/dt?

A. 1 = C(dq/dt) wherg 2 is the capacitance
-« . = p(dq/dr) HIWhere p is the resistivity
C. 1 = R(dq/dt) where R is the resistance

D. = dq/dt




| SEGMENT 23 , 7

8.. The unit of electric current is the ampere. One ampere is the
equivalent of:

A. one coulomb of charge

B. the difference between the number of coulombs/second
entering a conductor and the number of coulombs/second
leaving the conductor

C. the flow of charge through any cross section o1 a conductor
at the rate of 6.242 x 1018 electronic charges per second

D. the flow of charge through a conductor at the rate of
one coulomb per second passing through a cross-sectional
area of one square centimeter

9. A wire of 10 cm? cross section has 100 amperes of current in it.
What is the magnitude of the current density in the wire?

INFORMATION PANEL Resistance and Resistivity

OBJECTIVE

To define and relate the quantities resistance and resistivity.

Consider a specimen of substance A having a unit length (say 1 cm) and
unit cross-sectional area (say 1 cm?) placed in an electric field of
intensity E. As a result, a definite magnitude of current density will
appear in the conductor as long as the field is maintained in it. Now
hypothetically replace substance A with substance B, the specimen having
the same dimensions as the prcvious one, in a field'of the same intensity.
Suppose in this case that the resulting current density was found to be
one-tenth that of the previous value. It would then be reasonable to
conclude that substance B offered an opposition to the flow of electric
charge that was effectively ten times greater than the opposition set up
by substance A.

o next page
ERIC
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g8 SEGMENT 28

continued

The opposition to the flow of charge set up by a given substance is a
characteristic of the substance itself, all other factors remaining
constant. It is given the name resistivity and is operatic~~1llv defi-.d
as the ratio of the electric intensity to the current din N

resistivity = p = E/]

Thus, resistivity is electric intfensity per unit current density. It
follows from this that a greater intensity is needed to establish a
specified current density in a subtance of high resistivity than in
one of low resistivity. Saying this another way: a good conductor
such as copper or silver has a very low resistivity since it is easy
to establish a relatively large current density with a small electric
field intensity. Similarly, a poor conductor like glass or bakelite
has a high resistivity. For example, common glass has a resistivity
that is at least 20 orders of magnitude greater than that of silver!

Thus, resistivity p 18 a characteristic attributed
to a substance or material rather than a spzcific
sample of material.

Next, consider a certain cylindrical rod of given length, thickness,
and temperature; a potential difference V is applied across its ends
and the current 7 through it measured. The magnitude of the current
will be governed, at least partially, by the resistivity of the
material of whiech the rod is fabricated, but since it will be found
that the other factors such as length and thickness will play a part
in establishing the current level, it is convenient to define another
. term: resistance R.

The resistance R of a given sample of material at
a given temperature is defined as the ratio of the
potential difference across the ende of the sample
to the current thereby established.

R =V/Z
The unit of resistance, equivalent to the volt per ampere, is called
the ohm. To establish a mental picture of the magnitude of one ohm
let us state that the resistance of 1,000 ft of number 10 gauge soft
drawn copper wire at 20° C is very nearly 1 ohm.

As you have seen in your requfred reading, resistance and resistivity
are related by:

L
R=DK

mx: page




SEGMENT 28 9

continued

in which f is the length of the cu.!'irti. auu o ... cross-sectional area.
To obtain the unit for resistivity, solve this equation for p and sub-
stitute the units for the other terms.

_ RA
)
—Mme 2
- ohm-meters = olm-m
meters

Clearly, at a given temperature, the resistance R of a specimen is
directly proportiomal to the length £ of the specimen and inversely
proportional to its cross-sectional area A.

This section includes questions and problems in which you will be expected
to

(a) relaze a change of resistance to a change of length and
cross-sectional area; '

(b) define =esistivity correctly;

(c) define and use the relation R = p

/
A

(d) recognize that R = V/Z is valid for either linear or
nonlinear conductors.

10. A wire with a resistance of 9.0 ohms is drawn out so that its new
length is three times its original length. Find the new value of its
resistance, assuming that the resistivity and the density of the
material are not changed during the drawing process.




10 SEGME”

11. The equation defining the resistivity (p) of a conducting, electricallr
isotropic material is

ol

A. p = where: E is toe electric field strength,
J j is the current density, and
{ is the length of the conductor
B. p = % where: L is the electric [iela strength and
. j is the current density.
C p = where: E is the electric field strength,
l j is the current density, and
{ is the length of the conductor.
D. p = ? where: E is the electric field strength and
J j is the current density.

12. Knowing that E = v/{ and j = 1/A, derive a formula relating
resistance R to resistivity p, where is the length of the conductor
and A is the cross-sectional area ©f the conductor.

_ 4

A. R—QX
A

B. R=p -+
L

c. r=2L
o

D. R =4
)
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SEGMENT 238 11
13. Which of the following is true of both ohmic (linear) and nonohmic

{nonlinear) conductors?

A, R =

C. Resistance is a constant at a given temperature

o<

= constant

14, A copper wire and iron wire of the same length have the same potential
difference applied to ti'em. What must be the ratio of their radii (copper
to iron) if the current s to be the same at 20°C? The resistivity of
copper and iron are 1.7 * 10-8 ohm-m and 1.0 x 10-7 ohm-m, respectively, at
20°C and you may assume the wire to be a cylinder.

INFORMATION PANEL Applications of Ohm's Law

OBJECTIVE

To solve basic problems in which Ohm's law is used to relate various
electrical parameters.

Unlike Newton's laws of motion, or the conservation principles, Ohm's
law is not a law of nature. Ohm's law describes a certain special
property of some materials, but camnot be applied to many others.

In many conductors, notably metals, the resistivity remains constant
despite changes in potential difference or current as long as the
temperature is held constant. For such conductors, the current is
directly proportional to the potential difference with the resistance
serving as the proportionality constant in accordance with:

i = V/R

next page



12 SEGMENT 28

continued .

Thus, if current is plotted against applied potential difference (voltage),
the graph is a straight line with positive slope passing through the origin
of the axes. Such conductors are know as ohmic or linear conductors;
materials that do not obey Ohm's law are referred to as nonohmic or non-
linear.

The problems and questions in this section make use of the relationships
that exist between current, current density, the factors that govern the
resistance of a specimen of a given material, potential difference, and

the fact that current is the rate of flow of charge. You will be asked

to

(a) calculate current density for a wire of given length,
cross-sectional area, and current density;

(b) determine how the current in a conductor changes when
specified changes are made in its length, cross-sectional area, and
the potential difference applied across its ends;

(c) find the potential difference applied to a conductor
when its resistance is known, and the total charge flowing through

it in a given time is also specified;

(d) recognize the graph which applies to a linear conductor.

15. A current of 2 amp exists in a wire 2 m long and 2 mm in diameter,
when a 12-volt battery is connected across it. What will be the current
through a wire 4 m long and 4 mm in diameter, made up of exactly the
same material (same p), if a 6-~volt battery is connected across it?

O

ERIC
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SEGMENT 23 13

16. Which of the following curves of voltage versus current represents
a conductor which obeys Ohm's law?

17. A potential difference of 2 V is applied across a cylindrical
conductor 50 cm long and 1 mm in diameter. The resistivity of the
conductor is 107% Q-m. Calculate the magnitude of the current density
in the conductor in amp/m?2. '

18. How much voltage must be applied across a 2-ohm resistor if 120
coulombs are to flow through the resistor in one minute?



14 SEGMENT 28

19. A rectangular (solid) copper bar of resistivity ,» has dimensions ot
50 mm *x 5 mm - 5 mm. Find the ratio of electric current when a potential
difference of V is maintained across surfaces A and B, to that when the
same potential difference is maintained acruss surfaces C and D.

50mm
5mm
=5mm

g
n

ERIC
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SEGMENT 28 15

CORRECT ANSUER: 0.41

The resistivity of a material is defined as
L
p = |
F (1)

and E and j may be rewritten as

> (.

E = and j = (2)

Thus
v
p:.ll?:._.g._. (3)
J r
A

For a cylindrical wire, the cross section A is simply e, Thus, taking
the ratios of resistivity of copper and iron, we have

v /1
y el 2
P..L:.Z.____.AI =-A—]_=-—r1 ) (l’)
b, MV /i Ay 12 |
L/ Az
since V, / and i are the same.
Thus,
r P
_r_L ay L (5)
2 P2

Substituting numerical data, we obtain
r
_copper /0.17 = 0.41
Tiron . o

TRUE OR FALSE? For a wire of square cross section, step 4 in the above
solution would have to be modified.



16 SEGHENT 28

[a] CORRECT ANSWER: D

In . conductor electrons are f[ree to move. Thus, if a potential difference
is set up inside the conductor, the electrons will move in such a way as to
tend to eliminate this potential difference.

Unless this potential difference is maintained by an external agent (an
electromotive force--emf), it will eventually vanish, making the potential
inside the conductor constant, and the electric field zero. What follows
is proof of the last statement; i.e., that the electric field is zero when
the potential is constant. You may omit it if you so desire.

Recall that the electric field strength is equal to the negative gradient
of the electric potential; i.e.,

g oV i aV o2 aV o
E=-|—1+—j+—k
. 0X ay ] Jdz

For a constant potential V, the partial derivatives are all equal to zero.
Thus, the electric field inside a conductor, whether charged or uncharged,

will be zero everywhere.

As shown in the diagram,

tj—‘\il r if a conductor is placed
—_— [_ y — in an external field &,
— + the charges inside the
- 4 conductor will arrange
= = + =2 themselves in such a way
—Ee—= + >E as to produce a field -E,
—_ + making the net field inside
—_— _ + —_— the conductor equal to zero.
- 4+
s
[b] CORRECT ANSWER: 1280
The solution follows: Tb the diameters is (1/16)/(1/4) = 1/4;
thus, the ratio of areas _ 1/16. Since the current densities

are inversely proportional to¢ tkh reas, cheir ratio will be 16/1 or
1280/80. (Recognize that the cu :ent in the conductor does not . ange
from point to point.)

TRUE OR FALSE? ‘Current density is directly proportional to the square
of the wire radius.

ERIC
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S GHENT 28 17

CORRECT ANSWER: 4 = 10©

\

The expression relating the magnitude of current density to the quantities
given in this problem is

. v
=X l
Substituting the given numerical values in (1) we obtain

2
Jj=106x0.5=4¢% 10° amp/m?

As a review we present the steps that are taken in the derivation of
equation (1).

We use the definiticn of resistivity,
p = E/j

along with the relationship E = V/E to arrive at equation (1).

CORRECT ANSWER: A

For both linear and nonlinear conductors, resistance R is always defined
by V/i. For linear conductors, R is a constant and does not change when
the current in it changes (provided we keep the temperature constant).

For nonlinear conductors, however, the ratio V/i is dependent on the

magnitude of the current. But if we know the resistance for a current T,
we can still determine the voltage drop across the resistance from V = 7R.
We need only remember that a new value of 'R' is needed for every new 'i.'

The question may arise, "How can one know the value R corresponding to
each current ¢?" The answer is quite simple. For important nonohmic
"resistors" there are engineering charts or graphs proving the value
of 'R' for various current values. Examples are presented in your
reading.
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CORRECT .

The ratio csothe resistivity of a conductor.  The resistivity
is a prope- s material from which the conductor is made, and Jocs
not depend ape of the conducter.  In order that the resistivity
be useful, ! - a constant tor each material. To assure this the
restrictio: ' ;¢ material" was added to the definition of ..
Electrical’ olc materials are those materials in which electrical
properties . epend on direction.
Materials : che properties depend on direction are called aniso-
tropic. 1Ir materials the ratio E/j still defines a resistivity
which, howe aot constant. In these materials, there are two, and
sometines th: nstant resistivities along certain directions of the
solid conduc: - ‘he resistivity in directions other than these is usu-
ally a compli function of these two (or three) resistivities.
CORRECT ANS:. amp
From the givewn tage and current (V = 12 volts: 7 = 2 amp), we can
find the -~ mi. sistance ’
Using the ta ([i = 2 m, [f =4m, d; = 2 mm and df = 4 mm) and
recalling g d2, we compute the new resistance.

S My _ Lg dy2 4 4 _ o

r ’T—A Rl_——dZRl—fngx6—3-z

oLl f li £
The new voltage is Vf = 6 volts; so, the current becomes

. Vf 6

g = — === 2 am

7%, 73 P

TRUE OR FALSE? 1If a wire has a resistance R, then a second wire (of the
same material and at the same temperature) that is twice as long and has
twice the diameter will have a resistance R/2. -
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ORRECT ANSWER: . 00
Let the current ;e Las when the poter l difference ot V is maint ined
across surfaces A and B. Using Ohm'. 4, we obtain
. _ N )
“AB T T e
YAB
where
Rro = p * length
AB Cross-~sectional Area
ol (2)
hw A ’

Similarly, the current Zgp is

. \'}
iop = =L (3)
¢ Rep
where
- ¢ X length
Rep Cross—-sectional Area
=0h | (4)
[ w
Therefore, the ratio
“AB_ v Rep
‘LCD RAB Vv
- icn (5)
AB

Substituting values of R,p and Rcpy from equations (2) and (4) respectively
in equation (5) we obtain

TAB_ 0P h . hw
tecp Lv oY
= ht b

£2 BTN

SAUE OR FALSE? The current ratio i® zhe inverse of the resipwctive resistance
ratio,
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[a]

(b)

CORRECT WER
From toe .¢ii. ‘on of current, Z = dq/dt tae reiationship
i e =1 cousomb/l second

is exsiiw

Now, an zl: I. carries 1 charge of magr = .de 1.602 - 107 ' coulombs.
SO OnE Iou . - equal ¢t 1/1.602 = 10° = 6.242 ¢ 1817 electronic
charges. tsently, ¢ e ampere 1is equ .valent to the ner flow throuph
the com= . 6.242 x 01" -lectrons per second.

CORRECT ANS<."R: 4 volts

Nftea a prc~'em is given in such z mann2r riat the infuvwrmation is frag-
mentaZ. “n % _ zases you must hzve som= imsight. Not.-2 that charge/
time ¢. i ines current. Therefore. '

X
1 minute 60 sec

.25 coulombs 1l mimute _ coul _
: = 2 = 2 amp

Now,

V=_R= (2 amp) x (2 ohms) 4 volts

CORRECT <i5WER- A

Current is the movement of elsctric charge in a conductor. Charges move
when placed in an electric field. Therziore, in order to maintain a
continuous —urremt, there mus= exist a comtinuous field which, in turn,

gives rise —o a potential gra—ient.

TRUE OR FALEFE. 1In order for s field tc o= continuous, it must also be
constant in wamensity.



[a]

(b]

SEGMENT
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CORRENT ANSWER: 81 ohms

Since the densitv (mass per unit volume) -+ev .. ned unc hanged, so did the
volume since the mass, of course, could r 'z .ve chanzed. Using the sub-
script f for final values and i for i=zi:i:.. obtain (V here stands

for volume)

Vi = Vg or £iag = L5
Thus,

Ay ke

Ae [y
Thus, the final cross-sectional area i. ./~ the initial area while the
length is 3 times as great. Sihce res-s=i1annv R varies directly as length

and inversely as cross—sectional area

R, = R

£ = 9 R; = 81 ohms

3
11/3
TRUE OR FALSE? The resistance of a comds ==r varies inversely as the
square of its diameter, all other factzrs —=maining the same.

CORRECT ANSWER: C

Batteries and electric generators are api= to maintsin a potential differ-
ence -between two points to which they a~= conmectad. These devices are
sources of electrical energy.

TRUE OR FALSE? For a uniform conductor. the pet=atial gradient can be
calculated from the potential difference produced by the battery and the
length of wire between the points of commection to the battery.
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_ORRECT ANSWER: C

Tor an Ohmic resist.r (usuz_lv metallic), the ve.:zz: drop is always
directl- propocrtion:_ to the current (linear conc. -~-). This make: most
3f our alculations -:.sy szoce we know that ti - :zance Rwill b =
sonstant. A nomlinesr- (c— wmmommic) conductor is +ne for which the

voitage is not direct_ v proportional to the curre-.:.

Zven for linear conductors, ¢F course, the resis-anc: is also a functi-r
of temperature. To assure ths flawless operatior of very sensitive ele. -
tronic devices #like computers), we must mske sur- thmat the temperature
remains constant.

CORRECT ANSWER: 10° amp/m?

The unit of current is the ampere which is abbrevizted “"amp." The general
relationship for the current density is

R B S
1= j'j-ds =J-j cos8 dS
P

where dS is ac element of surface and the integral is taken over the sur-
face in questZon.

+ . . . . _
When ] is normal tc the cross section of the cumductor, which is the :-ase
here, then cost = 1 and

i/(area of cross section)

j:
Thus,
2
. o 100 amp 4 ams 105 2
i 10 o2 x 1C —2 10° amp/m

TRUE OR FALSE? 1In this scimtiom, j symbolizes =he c:prr=mt densiity at
right angles to the cross section of the conductor.
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JORRZCT ANSWER:

Sravrzing from the ~nizion cf resist: _ty, we obtain

=y (1)

wWe Know, however, t:ia:

R = - V = <R (2

QRS

funstizution of (2) .nzo (1) yields

(ZR) & RA

no= = ——

2 {

amd finallw

R:.p_l.
A

CORRECT ANSWER: ©

The charge carr:=:7: in a metallic conducTor are electroms which are lassely
pound im cmElr ~voms. When no electric “:i=ld is present, the electror:

"e ire® {: TOVE - ramdom. Wmen an ele—r~ic field is applied to a con-
auctor, the =_=ctrrms move in = directico opposite to the field at a rate
which s propsrticmal to the magnitude cf the applied field. The propor-
tiomality zomstant -depends on the composition of the conductor, its tem-
peraturce @mi Jcoer parameters. -

IRRECT ANSWER: =

= detailed explamatZon of the distriburiem oI charge or the case -~ pouz.
@ppears in your resdiing. Specifically vou are referred to SZ 25-: for
Thes,



O

ERIC

Aruitoxt provided by Eic:

12

L\
92}
4]
(9]
i
<]
4
~]
)
[o2]

CORFECT ANSWER: °

An electric current is =stavnlished im « conductor :f a =et charge q passes
through any cross sect: .- o: the comductizr in time t. The current, if
constant, h=s the —alue

7 =q/t

If the current varies wiizn time, the rate of flow of charge is then given
bv tne differentia. lim: of the equation abcve. or

1 = dq/ct
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IRTORIIATION PANEL rnergy Transfers in an Hlectric Circuit

OBJECTIVE

To develop and use the relationships involivings energv transiers in an
electric circuit; to define and use the concept of electric power; to
solve problems involving -Joule reatinz.

A useful term common in engineering is the word "load.” A load may be
defined as any device through which electric charges can move, the po-
tential energy of the electrical system being converted into some other
form of energy in the process.

When a source of electric potential difference (V,,) such as a battery
is connected across points a and b of a load, a charge dq may be assumed
to move through the load from a to b. Thus, point a is considered to

be at a higher potential than point b. As this motion occurs, this
element of charge will undergo a
decrease of potential energy given
by:

e |

du = V,dq (1)

a - since work per unit charge (V4,) times

T charge (dq) equals work done on the
charge. The power in-an electric

ab circuit is defined as the rate of

l energy transfer, or rate at which

l
il |+

b work is being done, hence
P = du/dt = V,,dq/dt
f—— P = Lvab (2)

Equation (2) applies to energy trans-
fer of any type. 1If the load is a
motor, the electrical energy will be
largely transformed into mechanical
energy; if the load is a resistor, the electrical energy will be trans-
formed into heat. The heat thus produced is called Joule heating, an
irreversible thermodynamic effect. The rate at which Joule heat is
produced is given by the expression:

Figure 1

dH/dt = 7°R (3)

next page
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continued

obtained bv substituting R = V/7 into equation (2). Fgquation (3) apnlies
only to resistors while, as previousiy mentioned, equation (2) is uni~
versally true for any kind of electrical load. Clearly, equation (3)

is an expressiorn of the power dissipated in the resistor and so may be
rewritten:

P =i2R A

The unit of electrical power-is the wa*t; this unit is equivalent to
the volt-ampere and also to the joule per second.

To summarize: electrical power P is the equivalent of (a) the rate at
which work is done in moving a charge from one potential to another;
(b) the rate at which energy is transferred through a load; (c) the
rate at which Joule heat is developed in a resistor.
Equation (4) may be expressed in another useful form by utilizing the
fact that, in a resistor, ¢ = V/R. Substituting in equation (4) then
gives:

P = V2/R (5)
It must be remembered that equation (5) applies only to resistors.

In this section, the problems are based on the following ideas:

(a) To recognize and use the fact that Joule heating is given by
2R and is an irreversible action;

(b) To recognize and use the fact that dU = Vgapdq;
(¢c) To recognize and use the fact that P and dU/dt are equivalents;

(d) To find the value of a resistance, given the current through
it and the rate at which energy it being consumed in it.
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PROBLES

1. In the circuit shown in the accompanying diagram, the power developed
in the resistor may be given as P = ZV,,. Derive from this the equation
which expresses the rate at which heat is developed in the resistor R in
terms of 7 and R.
—_—
a

— R

2. The figure below shows a device across which there is a potential

difference V,;,. In transferring an amount of charge dq from point a
to point b, the amount of energy that is transformed from one form to
another is:

A, dU = (Vgp)dgq —
B. dU =% (Vap) 2dq
a
C. dU = f(V4)dq +
N D. dU = i2R ‘ w—r—
|i !
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3. In the figure of the preceding problem, jou found that the energy
transferred is dU = (V,;5)dq. From this expression, which of the following
relations can be readilyv derived?

A. P

iV,a,  where P is the power delivered by the device

B. U

(dq/dt) Vv,
C. Vab = T:R

D. None of the above

4, By measuring, the increase in temperature of water surrounding a
resistor in which there exists a current of 2 amperes, it is found that
8 joules are convertrd into heat by the resistor in every second. What
is its resistance in ohms?

INFORMATION PANEL Problems in Joule Heating

OBJECTIVE

To solve some typical problems involving Joule heating.

As a refresher, look over the following equations for Joule heating
before you begin the problems in this section:

(1) Given the voltage and resistance, and knowing the time during
which charges are in motion:

2
H= % t (joules in MKS system) (1)
or
P = V2/R (watts in MKS system) 2)

next page
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continued

(2) Given the current and resistance, and knowing the time:

H = %Rt (3)
or |
P = 72R (4)
(3) Given the voltage and current, and knowing the time:
H =1Vt : (5)
o
P =1V (6)

The problems that follow require that you determine

(a) the percentage drop in heat output for the same load when
you ar2 given the power rating of a resistor at some initial applied
voltage and are then told that the voltage drops to some new given
figure;

(b) the power dissipated by a wire whose length, diameter, and
resistivity are given together with the current in the wires;

(c) the current in a circuit when the voltage, heat in joules,
and time of current are given;

(d) the ratio of the power dissipated in two resistances that
are related to each other in a specific way.

Y

5. A resistor dissipates 100 watts when it is connected to a 100-volt
supply. If this voltage drops to 90 volts, what will be the percentage
drop in heat ocutput, provided the resistance remains the same?
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6. A wire 100 m long and 2.0 mm in diameter has a resistivity of
4.8 x 10~8 ohm-m. If a current of 1.0 ampere flows through this wire,
how much power is dissipated in it?

7. When a constant voltage of 6.0 volts is maintained across a resistor,
3600 joules of heat are generated in 5 minutes. What is the constant cur-
rent in the resistor?

8. A heater coil of resistance 40 ohms consists of 20 ft of wire. When
connected to a 220 volt source, this coil dissipates power P;. The coil
is now cut into two equal halves, each of 10 ft of wire and both coils
are connected to the same source. The total power dissipated now is P,.
Find the ratio PZ:PI‘

INFORMATION PANEL ‘ Electromotive Force

OBJECTIVE

To define electromotive force; to answer questions dealing with a seat
of. emf as a source of energy; energy conversions involving a seat of emf;
the effect of internal resistance in a seat of emf.

In our work thus far, we have been emphasizing potential difference in
terms of energy transformations in which potential energy lost by a
moving charge is converted into some other form of energy such as heat,
kinetic energy, and so forth.

next page



O

ERIC

Aruitoxt provided by Eic:

SEGMENT 29 7

continued

To keep a charge moving continuously through a load, the potential cnergy
lost in the energy transformation in the load must be restored by some
external device such as a battery or generator. This external device is
called a seat of emf (electromotive force). In restoring the energy to

the circuit, the seat of emf must be capable of doing the required work

on the positive charge carriers to raise them from a lower potential to

a higher potential so that the next traversal of the circuit by the charges
will occur again just as it did before. The emf of a seat is therefore
defined as:

€ = dW/dq

so that electromotive force is work per unit charge and is measured in
joules per coulomb, or volts. (NOTE: The symbol used in printed.texts
is &. We will use the lower case €.) The name ''electromotive force"
is not a good one because emf is not a force at all; common usage,
however, has made it acceptable and we shall continue to use it in this
course.

A seat of emf is any device in which any form of energy is converted into
electrical energy. A battery uses chemical energy in this process; a
rotary generator, mechanical energy; a thermoelectric junction, thermal
energy; and a photoelectric cell, light energy. '

Alternatively, one may describe a seat of emf as a device capable of
maintaining a fixed potential difference between two points between which
there is a continuous flow of charge (through a load of some kind). An
ideal seat of emf would have no internal resistance of its own, and if

one assumes that the wires connecting the seat of emf to the load are also
resistanceless, then one can write:

1 = €¢/R

Thus, an ideal seat of emf produces a potential difference across the
terminals of the load equal to the emf itself. Since all real seats of
emf do have some resistance, however, the actual current is given by

where R is the net resistance outside the seat of emf, and r is the
internal resistance inside the seat of emf..

When a current is present in such a real circuit, the voltage

. appearing at the terminals of the load is Zess than that produced

by the seat of emf because of the fall of potential within the seat
due to its internal resistance. The so-~called "terminal voltage"

is then

next page
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continued
Vab=€—1,r
where the produce ir is the internal voltage drop of the seat of emf.

You should have no difficulty with the questions and problems in this
section if the preceding material is thoroughly understood.

9. Which of the following correctly defines emf in terms of the work
dome by a seat of emf in moving. a charge dq from a lower potential to
a higher potential?

A. € = ~-qdW
where: dW is the work done by the

B. e = AW source of emf on a charge
dq dq, in moving this charge
‘ from a luwer to a higher
c. € = - dw ‘ potential
dq
. = d¢
D € W

10. A source of emf is defined as a system which
A. always converts chemical to electrical :nergy

- B. is capable of maintaining a potential difference
between two points to which it is connected

C. stores electrical energy

D. is capable of converting electrical to éhemical
energy
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1 “aich of the followiug energy conversions is incorrectly paitd with
thz zzvice which makes the conversion?
A. Chemical into electromagnetic energy: a discharging
battery :
B. Flectrical into mechanical energy: a motor
C. Electrical into chemical energy: a charging battery

. Thermal into electric:! energy: a resistor

12, #hich one cf the following devices converts energy in a theoretically
reversisle process?

o Any ideal seat of emf
A battery with an internal resistance

{ Any energy-c .. -rting mechanism as long as it is not a
seat of emf

b Only a source of emf which does not store its energy
chemically, such as a generator.

13. Let the seat of emf, €, in the circuit shown below be an ideal one;
i.e., have zero internal re-

R . sistance. The current flow-
—————-\/\/\/\/\r——————‘ ing through the resistor, R,
j— . is given by
A. i = e¢/R
8 B. 1 = eR
Cc. 1 = e?/R
D. 7 =V/R
—j

ERIC
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14, 1If an electrical device loses potential energy,

A. all of this energy will be tranx‘<-med into kinetic
energy
B. all of this energy will be trams{—~mped into thermal

energy (heat)
C. some of this energy may be lost amd n-t accounted for

D. all of this energy will be transfwrmez into one or
more forms of energy such as thermal, -kinctic, etc.

INFORMATION PANEL Single Loop Tircuits -~ One Seat of Emf

OBJECTIVE

To develop a system for tracing the loop cf a circuit; to apply the loop
theorem to circuit problem solving.

A circuit such as that shown in Figure 1 will be referred to as a single
loop circuit containing one seat of emf. The seat of emf develops an
electromotive force €; its internal resistance is r and the external
resistance (assuming resistanceless wires) is lumped in the resistor R.
The arrow adjacent to the seat of emf indicates the direction in which
positive charge carriers would be driven through the seat, or simply

the direction of the emf. The current, considered to consist of moving
positive charge carriers, has the
same direction as the emf, and is
symbolized by 7. We select a point
anywhere in the circuit (point a)
and propose two significant questions
|y about it: (a) what is the potential
I of point a and (b) can point a have
ri more than one potential?

.
_“l

| R Answering question (a) first, we have

lzst . already defined the potential of a

R e point as the difference of potential
between this point and some other
arbitrarily chosen point to which we

- assign a potential of zero. It
doesn't matter where the zero refer-

| ence point is taken just as long as

we use it consistently in a given circuit.

Figure 1
Q . next page
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continued

As to question (b), it seems self-evident that point a can have one ar/
only one potential with respect to the preselected zero reference level.
For the situation to be otherwise, it would be like assigning '« differ-
ent altitudes with respect to the Earth's surface to a single . .2 on

a mountain. Thus, the potential of point a with respect to the -rbi-
trary zero point, wherever it may be, is V_, and nothing else.

Viewing the circuit as a loop to be traversed by the moving ch:rges,

it is evident that each charge will experience =z loss of potential as

it pssses thromszh a resistmr——call this a voltas= drop--and a rise

of potenti=i as it passes through the seat of emf——a voltage rise.
However, if a charge starTs at point a, traverses the loop am€ returns

to point a, whatever ~as cr~curred in the form of voltage drops and rises
during the traversal must i=ave the charge with the same potential energy
as it had when it started oecause point a can have only one potential.

It is then clear that the totality of the voltage drops and voltage rises
have come to naught with respect to zny change in potential they might
have caused at point a. Stated formally:

The algebraic sum of the changes in potential
encountered in a complete traversal of a cir-
cuit is equal to zero.

In the simple circuit of Figure 1, the current direction is readily es-
tablished by the direction of the emf. Calling a voltage drop negative
and a voltage rise positive, let's traverse the circuit clockwise (in the
direction of the current) starting from pepint a, recording drops and
rises as we go. Thus

iR+ ¢ -<r =0

Note that a negative sign precedes voltage drops and a positive sign pre-
cedes a voltage rise. If this equation is solved for the current % we
obtain

=.R +r

which is identical with the equation obtained in the last Information Panel
for a battery with an internal resistance r working into a circuit with a
lumped resistance of R.

The problems in this section are generated around this central idea of
single loop systems containing a single seat of emf. They introduce the
relationships between the currents, voltages and resistances in such loops
and the power and heat developed in their various parts. In addition,
there are a number of questions which test your understandfng of the so-
called loop theorem as stated above.
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15. For the data given in the circuit helow, what is the rate at which 1
{ heat is being generared in the 75-ohm resistor? l
{

R=750hms
VAVAVAVAV

r= Sohms

& =80volts

b e e e ———— —

16. The algebraic sum of the changes in potential encountered in going
once around a single loop circuit is

A, depenaent on the direction in which the loop is traversed

B. dependent only on the magnitude of the circuit resistances
and the direction of current through them

C. dependent only cn the ‘emf's present in the circuit

D. zero

17. The loop equation for the circuit shown in the figure is:

A. e+1ir+ 1R =0

A
—— . .
B. - +1r -~ 2R =0
r Cc. € -1r -1R =0
Rg D. - -1r ~1R =0
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18. Let R = 100 ohms and r = 10 ohms -n the circuit diagram of the pre-
vious question. If a potential differ=nce of 200 volts is established
across R, what is emf ¢?

19. For tche circ.it shown below, let € be the emf of a 12 volt battery.
For R = 5 ohms, @ current of 2 amps exists in the circuit. What is the
internal resistance r of the battery? ‘

R

TE

20. In the circuit shown, r = 5 ochms and R = 75 ohms. What must be the
" emf € if the source is to supply energy at the rate of 80 j/sec?
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INFORMATION PANEL S5ingie Loop Circuits - Two or More Seats of Emf

OBJECTIVE

To apply the loop theorem to simgle loop circuits containing two or
more seats of zmf; to introduce the notatior Vy - V5 for expressing
the difference of potential betwezn points b =nd a.

When a second or third source of emf is introduced into a single loop
circuit, the only additional procedure of significance relates to the
direction assumed for the current 7. Refervimg to Figure 1, you will
R see that the current may be assumed

1 to have either a clockwise or a
' counterclocikwise direction around the
loop, dependirzT upon which of the two
seats of emf produces the greater
7§ voltage rise. These seats are con-

nected so that their emf's oppose one
another; thus, if €, is larger than
€,, the current will be clockwise and
at ef if the reverse is true, the current

1 2" yill be counterclockwise.

Suppose we wanted to find the potential
b difference between points a and b.
We shall use a very explicit notation
Pigure 1 for this; insteadvof referring to
this potential difference as Vap or
Vpha, we shall designate the potential
at point a as V, (referred to some
unspecified zero reference) and the potential at poimt b, Vp. This
potential is referred to the same zero reference, of course. Hence, the
potential difference between these points will be expressed as Vi - V,.
If it happens that point b is at a higher potential than point a, this
difference will be positive; if a is at a higher potential than b, the
difference will ke negative.

In most circuits, there is no way to tell which way the current will actu-
ally traverse the loop; this is of no importance because, when the sign
conventions are correctly followed, they will insure the correct direction
at the end of the problem. If the emf's are all known, of course, the
logical direction for the current is that of the net emf but if one or
more are unknown, one guess 1s as good as another.

next page




O

ERIC

Aruitoxt provided by Eic:

SEGMENT 29 15

continued

One additional point is important in tracing the loop of this kind of
circuit: if the direction of traversal through a seat of emf is in the
same direction as the emf, this is to be taken as a voltage rise; if the
traversal opposes the direction of the emf it is considered to be a
voltage drop since work is being done against the enmf.

To see how this works out for the circuit of Figure 1, let's assume

a clockwise current direction and take as our objective the determination
of Vi - V5, the potential difference from point b to point a. Starting
at point a and going clockwise, we would then write:

€) - iry - le - 1r, - €, = sz =0

Note that all terms are negative exeept the first emf. Rearranging and

~simplifying:

[
o

€) - €, - i(r; + R} + 1, +Ry)

Solving for the current 7Z:

e “L 7%
r; + R + r, + R2

At this point you would substitute numerical values for the factors on
the right. If €] had been larger than €,, you would obtain a positive
answer, indicating that the assumed current direction had been correct;
if the reverse had been true, then the answer would come out negative,
showing that the current has a true direction opposite that assumed.
Finally, once the current magnitude and direction have both been de-
termined, the potential difference V, - V, is then readily obtained:

Vy, - Vy = iR,

Here again, if the current had a negative value, then V, - V, turns out
to be negative so that you would know that point a had a higher potential
than point b.

You will be aided by studying and following the set of rules thus far
developed:

-1, Choose a logical current direction, if possible; if not, assume
any current direction.

2. Traverse the loop in the same direction as the assumed current;
in this way, all the "{R" and "ir" terms are negative--consistently.

3. In going through a seat of emf, if the traversal is in the same
direction as the emf, it is a voltage rise (+); if in the opposite direc-
tion from the direction of the emf, it is a voltage drop (-).
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21. Find the potential difference Vp - V5 in the circuit shown below.

.
—p |

AN
R,=6ohms
r,=lohm r,=lohm
£'='I2vo|ts Tﬁf 6 volts
—A&\A/v* .
a R,=4ohms b

22. The loop equation for the circuit shown below is

r, rz
"MAVV-
.R2
B. el-'LR1+ez-'Lr2—'LR2-'Lr1=O
C. €y + iRy +€,+1ir, + IRy, +ir; =0
D. el+'LR1—ez-—7,r2+1,R2+1,r1=0
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P
23. If in the preceding question e¢; = 20 volts and €, = 30 volts, then
A. the current will be clockwise

B. the circuit will not function since the equation derived
for the loop will then give negative current

C. more current will go through R; than through R,

D. the current will be counterclockwise

24, Find the potential difference Vp = V5 in the circuit shown.

AANMN-
R,=40hms
r,=1ohm ” ,=1ohm
Ez6volts € =12volts
b

a . R,= 6 ohms
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(b]
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CORRECT ANSWER: 4

The power Px developed across a single coil of 20 ft-length is
AR €))L
P] R 0 210C watts

The power developed across a single coil of 10 ft-~length is

2
P1 = ig%%l— = 4200 watts

and, therefore, the total power developed with both coils operating
simultaneously, is

P =2p - 8400 watts

Thus, the ratio of the total power developed is

P2 _ 8400 _,
P, 2100

TRUE OR FALSE? The sequence of events described in the problem really
involves (1) a series connection of the two 10 ft lengths, then (2) a
parallel connection of the 10 ft lengths.

CORRECT ANSWER: A

We note that regardless of the direction we assign to the current, and

of the sense in which we go around the loop the two seats of emf are con-
nected in such a way that one of the two will always be traversed in a
direction opposite that of the other. Hence, we know that the emf's will
enter the loop equatioen having opposite signs. Choosing the clockwise

as the direction of the current % and also starting from the lower poten-
tial side of €, and going around the loop clockwise, we obtain for the
potential changes

rise g; + drop in Ry + drop in €y + drop in r,
+ drop in R2 + drop in r, =0

or



[a]

[b]

[c]
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CORRECT ANSWER: C

The method for solving these circuit problems consists of the follow-
ing steps:

(1) Select the direction in which you will traverse the
loop. This is arbitrary, either clockwise or counter-
clockwise.

(2) Write the €'s as positive if they are in the direction
you have chosen; negative otherwise.

(3) Write ZR's (the resistive potential drops) as negative
if you go through the resistor in the direction of the
current; positive otherwise.

Let's try it together, starting at Point A and going around in a clock-
wise sense,

VA—’l:R+€"’I:r=VA

or

CORRECT ANSWER: B

A source of electromotive force (emf) is capable of converting a speci-
fic form of energy for which it is designed into electrical energy. A
battery uses chemical energy for this purpose; a rotary generator con-
verts mechanical into electrical energy; a photocell does it with light
energy. The essential point is that the seat of emf must be capable of
maintaining a potential difference between two points to which it is
connected even when a flow of charge occurs continuously between these
points.

CORRECT ANSWER: A

The potential V_ . is the work required per unit charge to move a posi~-
tive charge from b to a. Therefore,

du = V,, dq



[a]

(b]
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CORRECT ANSWER: -3 volts

Choosing clockwise as the direction of the current 7 and starting from
point a in clockwise direction, the circuit equation is

e - ZER =0
or

ey - €, =2(r; + By + 1, + Ry)) =0
Solving for 7, we obtain

_ €1 - &»
r, + R1 +r, + R2

_ 6 - 12
1+4+1+6 ‘

-0.5 amps

Note that the value of the current % is nepative, therefore, the current
is opposite to the chosen clockwise direction, that is in the counter-
clockwise direction. Since the direction of current is always from
higher potential to the point of lower potential, Vp - Vy is negative,
that is :

Vb - Va

-3 volts

TRUE OR FALSE? The solution shows that point a is at a higher potential
than point b. -

CORRECT ANSWER: A

In the absence of an internal resistance all the potential difference
that the emf can maintain in the circuit, namely €, appears across the
resistor R. Now the potential difference (or drop) across the resistor
is given by ZR. Therefore, ¢ = ZR or © = e/R.



[al

(b]
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CORRECT ANSWER: 2

The unit of power in the MKS system (the watt) is defined as one joule/
second. Therefore, the power dissipated by the given resistor is
P=8W. From

we obtain

TRUE OR FALSE? As shown above, an ohm is the equivalent of a watt per
ampere, .

CORRECT ANSWER: 2 volts

Choosing clockwise as the direction of the current 7 and starting from
point a in a clockwise direction, the circuit equation is

Le - 1ZR =0
or

€) — €5 - 1(r1 + Ry + r, + Rz) =0

Solving for 7 we obtain

El-Ez

r, + Rl + r, + R2

_ 12 -6
l1+6+1+4

0.5 amp

"Note that the value of current 7 is positive, therefore, the current

direction was properly chosen (cionkwise direction). Therefore,

Vb - Va iRz

.5 x 4 = 2 volts

TRUE OR FALSE? In problems of this type, the final algebraic sign of the
current 7 specifies whether or not the choice cof current direction was
initially correct.



fa]

[b]

(c]
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CORRECT ANSWER: dH/dt = 2R

The current through the resistor is given by % = Vap/R.  Thus Vap = IR,
and the expression for the power becomes

P =iV, =1 (ZR) = i2R
thus,

dH - i2R

t

Notice that power is the rate of energy transfer, or in this case, the
rate at which electrical energy is converted into heat. This process
is called Joule heating and is an irreversible process.

TRUE OR FALSE? This solution assumes that all the electrical energy
transferred through the circuit is converted into heat in resistor R.

CORRECT ANSWER: 2 amp

Power is defined as the energy dissipated per unit time; i.e.; per
second. The time here is 5 min, or 300 sec. Thus,

_ 3600 j

P = 300 sec

= 12 watts

Now Joule's law can be writen as

P=i2r =Y =gy
R

so,
" = B o 12 watts
\

" 6 volts = 2 amp

CORRECT ANSWER: D

A resistor is always a one-directional energy conversion device. That
is, the resistor removes electrical energy from the circuit in the form
of heat. 1It, therefore, converts electrical energy ..nto heat.
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[a] CORRECT ANSWER: 80 volts

For a simple circuit, the power supplied by the seat of emf may be
written as

IR _ (1)

Solving for &, we obtain

€2 = /P IR = /80 x (5 + 75) = 80 volts
Alternate solution:
Power supplied by emf € méy also be written as
P = i¢ (2)

However, € is also given by the expression

e = 2(ZR) = Z(R + 1) (3)
Therefore,
= (4)

Substituting (4) into (2), we obtain

[ne MY
.o 1

P =

which is the same as equation (1).

- TRUE OR FALSE? Either solution shows that power P varies directly with
emnf €.

i{b] CORRECT ANSWER: D

Energy is conserved ii, electrical circuits as it is in any physical inter-
action. However, electrical energy may be converted partially into kinetic
energy, partially into thermal energy, partially into light energy--or any
combination of these depending on the nature of the device and the locad
into which it works.

TRUE OR FALSE? Even though various combinations are possible, thermal
energy always predominates over the others as the final form of energy
produced by electricity.




[a]

(b}
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CORRECT ANSWER: 1.5 watts

The resistance of a wire, in terms of the resistivity o, its length ¢
and its cross-sectional area A, is given by

fl
R=p 2 (1)
A
The area of a circle of diameter d is given by
2
A=qdZ (2)

4

Using the given data in equations (1) and (2) yields

10° m _ 4.8
m(4 x 10=6)/4 m2

R =4.3 x 10”8 (ohm-m) x ohms

The power is given by

P = 72R = [1 ampz] X [4;8 Q] = 1.5 watts

CORRECT ANSWER: D

We must realize that electric potential is a single-valued quantity.
Even though the absolute value of the potential at a point can be chosen
arbitrarily, once a reference has been chosen and the potential at other
points is measured relative to the same reference these points will have .
the fixed potential unless there is a change in the environment. Thus,
unless we make a change in a circuit (remove a battery, add a resistor,
etc.), the potential of a certain point will always remain the same, re-
gardless of whether the circuit consists of one loop or is a multiloop
circuit. We may, therefore, take any possible path in going around a
circuit and when we return to the starting point the potential will be
the same as the one we started with. Hence, the net change in poten-
tial; i.e., the algebraic sum of the potential changes will be zero.



[a]

(b)
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CORRECT ANSWER: 1 ohm

The loop equation for the circuit is
€ —1R - <Zr =0

Thus,
ir = ¢ - ZR

or

e = iR _ 12 - (2 x 5)

= 7 = 1 ohm

r =

CORRECT ANSWER: A

From the definition of current,

@
I
[a¥) J= D

rt

we can write
dq = 7 dt
The energy transferred is
dU = dq V,
Substituting (1) into (2) yields
du = 7 dt Vab

and upon division by dt

(L

(2)

(3)

(4)

Recalling that dU/dt is the definition of the power P, we see that

equation (4) agrees with selection A.
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[a] CORRECT ANSWER: D

We can answer this question intuitively. €, alone would generate a
counterclockwise current. On the other hand, €, alone would generate
a clockwise current. When the two seats of emf are connected opposing
each other the "stronger" one will "win." Thus, the current must be
in the counterclockwise direction.

The problem can also be solved formally. If we substitute the values
of € and €, in the equation for this loop derived previously we obtain

i(R1 +r,+P,+r)) =€ -€g,=20-30=-10V
Thus

10

- <0
(R + 1) + R, + 1)

7 =

Recall that we had arbitrarily chosen the clockwise direction as the
direction of the current (at that time, of course, we did not know €,
and €5). All a negative current means then, is that the choice was
wrong and that the actual direction of the current is counterclockwise.

[b] CORRECT ANSWER: 19%
The percent change in power can be expressed as follows,

P.. - P, ... Ve2/R - V;2/R
- _final initial x 100 = f i

122] x 100 x 100
P Pinitial vi?/R
J Ve - i 0o - 85100 = 10,000 , o0 1o,
V.7 10,000 -

TRUE OR FALSE? Electrical power and Joule heat are dimensionally equiva-
lent.




[a]

[b]
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CORRECT ANSWER: 75 watts
Using Joule's law we obtain
P = 2R | (1)
The current, 7 , may be obtained from the circuit equation
e =1 IR =12(r +R)
Therefore

i = —
r+R | . (2)

Substituting eéquation (2) into equation (1), we obtain

__€’R_ (80)2 x 75
" (r+RZ2  (5+752

P = 75 watts

TRUE OR FALSE? The symbol '"r' represents the internal resistance of
the seat of emf.

CORRECT ANSWER: B

The emf must do an amount of work dW on the (positive) charge dq to
make it move to the point of higher potential. It is defined by the
expression :

and has the units j/coul = volt.

TRUE OR FALSE? A seat of emf is not needed to move a charge from a
point of higher potential to a point of lower potential.



fa]

(bl

28

CORRECT ANSWER: 220 volts

From the given potential drop across the res:ie:

current in the loop

The loop equation, € — ZR -~ ir = 0, gives
€ =1(R+ 1),
which upon substitution yields

e = 2(100 + iNs = 270 velts

CORRECT ANSWER: A

SEGMENT 29

ne firnds the

You should recall that a rewve=rsible pr:ire3s is one that passes through
equilibrium states and c&f be reversed by making an infinitesimal change
Ian the environment of the system. .'oule heating !# a¢ electrical energy
conversion that is n0t reversible. Hence, the word "ideal" was added
since all real seats of emf (batteries, motors, etc.) have non-zero

internal resistance.
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INFORMATION PANEL Basic Charpacteristics of Series
. and Parallel Circuits

OB.JECTIVE

To recognize and use the basic characteristics of series and parallel cir-
cuits containing resistors and a seat of emf.

The essential information relating to parallel circuits such as that of
Figure 1 may be summarized as follows:

(1) The potential difference across
each external resistor is equal to that
across every other external resistor,

the external resistors is equal to the
total circuit current supplied by the
source of emf.

: _i_,: and is equal to the terminal voltage of
I 'r | s the source of emf.
TERMINALL | |
VOUAGE! ' : ? (2) The sum of the currents in
|
|

&

|
|

(3) The current in each individ-
Figure 1 ual resistor is inversely proportional
to the individual resistance.

For series circuits such as that shown in Figure 2, the essential char-
acteristics are: ‘

AAN (4) The current .is everywhere the
— same throughout the entire circuit.
r 0
: - (5) The sum of the voltage drops
* serminatl | ~across each individual resistor is equal
VOLTAGE | i § to the terminal voltage of the source
| | of emf.
| | .
L’:f‘”' (6) The voltage drop across any

AAN individual resistor is directly propor-
. tional to the individual resistance.

Figure 2

The questions in this section are all descriptive and are easily answered
by applying the above characteristics properly. Note carefully that, if
the internal resistance of a seat of emf is not given in the statement of

the problem data, it is to be ignored.
O

ERIC

Aruitoxt provided by Eic:
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PROBLEMS

O

ERIC

Aruitoxt provided by Eic:

1.

A circuit consists of three resistors, . - 1 ohm, R, = 2 ohms, and
Ra = 3 ohms. The current in each resistor is tound to be inversely pro-
portional to its resistance. This means that

A. all three resistors are connected in series

B. all three resistors are cennected in parallel

C. the first two resistors are connected in parallel and
the combination is connected in series with the third
resistor

D. this is always true regardless of the way these resistors
are connected ‘

2. When resistors are connected in series

A. the current through each resistor is the same

B. the voltage across each resistor is identical

C. the voltage across each of the resistors is inversely
proportional to the current

D. the current through each of the resistors is proportional
to its resistance

3. VWhen resistors are connected in parallel

A. the current through each resistor is the same

B. the current through each of the resistors is proportional
to its resistance

C. the voltage across each resistor is identical

D. the voltage across each of the resistors is proportional

to its resistance
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4. A circuit consists of three resistors, R, =1 ohm, R, = 2 ohms, and
R: = 3 ohms. It is found that the potential differences across the re-
sistors are directly proportional to their resistances, the proportion-
ality constant being the same for all three resistors. This means that

A. all three resistors are connected in series
B. all three resistors are connected in parallel
C. this statement is always true; it is a statement

of Ohm's law

D. there is no possible combination that can accom~-
plish this

INFORMATION PANEL Equivalent Resistance

OBJECTIVE

To calculate the equivalent resistance of a series circuit; of a parallel
circuit; of a series-parallel combination.

The equivalent resistance of a series
R R. R. circuit is the simple sum of ites in-
AAA APS Vui dividual resistances. Thus, in the
' circuit shown at the left:

R=R]+R2+R3

R
vvv The equivalent resistance of a parallel
R2 circuit is the reciprocal of the sum
—~AAM of the reciprocals of the individual
resistances. In the circuit at the
R,
AR . left:

1/R = 1/R; + 1/R, + 1/R,

next page
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continued

Clearly, equivalent resistance may bhe.defined as the resistance into which
the seat of emf works: stated otherwise, the cquivalent resistance of anv
simple or comnlex circuit is that single resistance which could replace the
entire circuit without changing the current delivered to the external com-
ponents by the seat of emf.

In breaking down a complex circuit for the purpose of determining its
equivalent resistance. one of two patterns is generally followed: (1) if
the complex circuit looks like a series circuit containing paralleled
groups, as Figure 1, each parallel group should be resolved into its
equivalent resistance to leave a simple series arrangement as in Figure 2.

2 EQUIV.] EQUIV. 2
GROUP 1 | r AAA- AAA-
GROUP
—— L 3
®
4 EQUIV.4
AN - AAA,
Figure 1 Fioupre 8

(2) if the complex circuit looks like a parallel circuit containing scries
or parallel groups, each group should be resolved into a single equivalent
resistance to leave a simple parallel arrangement. This is shown in Fig~
ures 3 and 4.

@ —

p
J

.
-t N EQUIV. EQUIV. EQUIV.
[ ] 4 ™ 1,2 3,4,5 b, 7
2 5 7
Figure 3 Fiqure 4

Circuits are sometimes obscurely drawn from the point of view of recogniz~
ing the general species involved. When you meet a circuit of this kind,
try to redraw it so that its basic form can be recognized and appropriately
handled. For example, if you study aud analyze the peculiar looking cir-
cuit of Figure 5, you should be able to rccognize it as a simple parallel
circuit, redrawn as shown in Figure 6.

next page
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continued A C
Ry B Ry Rz D ' I ‘
——AAA
A C ' i !
— T
i
I T
- -
Figure 5 Fiqure 6

The problems that follow anticipate that you will be able to obtain the
equivalent resistance of any type of resistive circuit, simple or complex.

5. What is the equivalent resistance of the circuit shown below?
__M'Bi__l
R R4 '
“’,{?5 Wy Ry = Ry = Ry = 15 ohms
AN
R, =10 ohms
‘_-r_b_volts R, Ry R, = 10 ohms
Rg = 5 ohms

6. What is the equivalent resistance of the circuit shown below?

1

4ohms

q;Zvohs 6éhms

2o0hms

f
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What is the equivalent resistance of the circuit shown below?

——

—zvolfs 120hms 6ohms

4ohms

What is the equivalent resistance of the circuit

R,
AN Ry
R,
AAYA
—_— Rz R3
6.0 volits §R3

What is the equivalent resistance of the circuit

R,
‘\I/IV\' Ry =
2
AA 2
(R S, R3 =
== 8 volts
Ru =
R,
NNV

shown below?

6.0 ohms

12 ohms

10 ohms

shown below?

5 ohms
10 ohms
15 ohms

10 ohms
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INFORMATION PANEL Problems Involving Fquivalent Resistance

OBJECTIVE

To solve problems involving the effect of various resistor comblnatLonq
on the currents and voltages in electric circuits.

The circuit designer has at his disposal a multitude of ways to combine
resistors. As a matter of fact, there are so manv possible permutations
that it would be fruitless to attempt to develop a step-bv-step approach
to the solution of problems involving resistor combinations. The bhest
one can do in this respect is to indicate some general rules of opera-
tion and anticipate that the student will set up the necessary sequence
of steps in a logical way.

_Consider a typical circuit as given in the accompanying figure. Suppose

that numerical data has been
given for the values of the emf,
and each of the individual re-
sistors, and that you are asked
to determine:

:

=& R, R, §R4 (a) the voltage drop across R;
(b) the current in Rj;

(c) the voltage drop across R,.

There is a variety of wavs to

approach this problem. The

method we shall suggest below is

just that: suggestion, not a

hard and fixed procedural man-

date. . But you should be aware
that you may very well hit upon another approach entirely which is just as
direct and logical as ours.

(a) The voltage drop across Rlz To determine this, vou will first need
to know the current in R;; this requires that vou calculate the equiva-
lent resistance of the branched circuit containing R,, R;, and R, which
you then add to the resistance of R; to obtain the total circuit resis-
tance. Once this is established, you can then calculate the total circuit
current with the aid of Ohm's law.- This current is then used in the ex-
pression:
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continued

(b) The current in Ry: The voltage drop across R, was found in step (a);
the emf € has been given in the data; therefore the voltage drop across
each of the resistors in the parallel group is

Since the voltage across each resistor in the parallel group is V, then
the current in R; is obtained from:

i3 = V/Rq

(c¢) The voltage drop across R,: This has already been determined in
step (b) since the voltage across each resistor in the parallel group is
V: hence, V is the answer to this question.

The preceding sequence of reasoned steps is tvpical and springs from
approaching the problem, first from a bhroad or "gestalt' point of view
to establish the general function of each component of the circuit and
its effect on the circuit as a whole, and then from the standpoint of
specifics--setting up each step as a logical consequence of the pre-
ceding one, always with the broad aspect of the problem in mird.

10. 1In this circuit, the voltage drop across the 6.0-ohm resistor is

A. 2qual to Vpp

B. greater than Vap 9.0 ohms
C. smaller than V
AB 6.0 ohms
D. . zero A 8
18 ohms

O

ERIC

Aruitoxt provided by Eic:
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-
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11. In the circuit shown below, what is the current in the 2-ohm resistor?

%4ohms

i

—6volts 6 ohms

2o0hms

12. For the circuit of the preceding question, what is the potential
difference across the 4-ohm resistor?

13. For the circuit shown below, what is the current in the 4.0-chm
resistor?

rolts

66_;-—- 12 0hms §6.00hm| 4.0ohms
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14, For the circuit below, one can say that the current in the 9.0-ohm

resistor is _ that in the 18-ohm resistor.
A, equai to
9.0 ohms
B. twice
C. 1/2
D. '1/3
18 ohms

d_

15. For the circuit in the figure, the values of the circuit elements are

R] € = 6.0 volts
S r = .30 ohms
| |
] r| Ry = 5.0 onms
8 l——T——J i/ Ry, = 3.0 ohms
R; = 2.0 ohms

What is the current in R;?

16. For the circuit shown in the figure, find the value of the resistance
R such that the current in the 6-ohm resistor is three times the current
in the resistor R.

b AAY
8.0 ohms AAA
6.0ohms
' |
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17. Calculate the power delivered by the battery in the circuit shown
below.

volits

6.0—-p- §|2ohmt §6.0ohms §4.0 ohms

18. 1In the accompanying circuit, what are the currents i2 and iq in re-~
sistors Ry, and Ry, respectively?

A. i, =C.37 amp; Z5 = 0.55 amp

.
#

B. i, =0.55 amp;

o

0.37 amp [

0.46 amp

o '
| % |
0.92 amp | r 0
} } R2 ohms § R3= ozl;ms -
|
l E' -I- |

~—i=0.92amp.

"

C. i, = 0.46 amp;

©.
w
[}

"

D. %, =0.92 amp; i3

INFORMATION PANEL Using Kirchhoff's Rules

OBJECTIVE

To apply Kirchhoff's rules to the solution of network problems.

next page
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continued

Various physics and engineering texts present conventions for the use of

- Kirchhoff's rules which differ from each other, usually to a minor

extent. The fact that there do exist variations, however, may uften
lead the student astray as a result of inconsistencv in the utilization
of one and only one set of conventions. Although personal preferences
do exist among workers in the field of electricity, we should like to
recommend that you follow the procedure outlined below, adhe: g to the
conventions we are going to use.

Upon presentation of the circuit and the problem:

(1) FEstablish the number of independent loovs 7n the eircuit. For
example, the circuit given in the diagram below consists of only two
independent loops identified as 1 and 2. You mav feel that there is
a third loop containing L Rl’ Rz’ and €, but vou should recognize

B

that this loop is not independent of the other two; it is merely
their sum. If we wished, however, we could use either one of the
two identified loops and this third "sum'" loop: this is a matter of
choice depending entirely on the individual solving the problem.

(2) Count the number of individual branch points. In this circuit

there are two branch points, A and B, which are not incdependent, however.
At branch point A, the current ¢, splits into twc parts, 7, and Z3. At
B, these two currents recombine to yield 7, once again. The equations
involving Kirchhoff's current rule are set up for these branch points,
then, they will not be independent of one annther. Thus, in this example
there is only one independent equation possible. 1In general,

if a network has N branch points, only N - 1
independent branch points are available, and
only N - 1 independent current equations may
be set up.

next page
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continued

(3) The next step calls for setting up assigned eurrcit dircctions

in each loop. 1In selecting the current direction, try to be logical
about it if the_data given to you includes applicable information
relative to the comparative values and directions of the emfs. If
this data is not available, or if it is obscure in any fashion, don't
worry about it. Assign any direction to each loop current. 1If your
selection turns out to be incorrect, the problem solution will show
this. It will yield a negative sign for the current, thus indicating
the wrong assigned direction initially.

(4)  Applying Kirchhoff's rules. Write the equations for the chosen
branch points using the first rule. The convention we use is that a
positive sign precedes a current entering a branch point, and a nega-
tive sign precedes a current leaving a branch point. Selecting A

as the branch point, we may write:

il-7..2‘1:3=0 (l)

As we have s*own, ouly one independent current equation can be set
down for the .ample circuit.

Next write the loop equations using Kirchhoff's second rule. The con-
vention used here is that a positive sign precedes a voltage rise and
a negative sign precedes a voltage drop. These are recognized as follows:

Voltage rise: traversing a seat of emf in the direc-
' tion of the emf; and traversing a
resistor in the direction opposite
that of the current.

Voltage drop: traversing a seat of emf in the direc-
tion opposite that of the emf; and
traversing a resistor in the direc-
tion of the current,

For the example at hand, the loop equations (identified ioops 1 and 2)
are:

LOOP 1: E'l - 7:11'.'1 - ilRI - 1:21'.'2 - €2 - 7:2R2 =0 (2)
(5) Solving the simultaneous equations. This is the final step. 1In

step (4) we have.written three independent equations and can therefore
solve for the three unknowns <,, %,, and 14,
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19; The current equations for the three branch points b, c, g in the
accompanying circuit are, respectively

A, Ty =1y, =13 =05 1, - T, +1ig=05 -1y +7, +i5=0
B. 1, + 1, + 1,y = 0; z, + 1, + 1y = 0; Ty + 1y +lg = 0

. - .
a Rl b l r, d
— NN T : ll | AAAN———9

—ip
i . ' R —
! ) L
) 1"’? R,
ns €,
] I ry
ce I BN MV e
S i,
8| R& is
AVAVaV — ANMN———o
h R, g R, f
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20. What general conservation law leads directly to Kirchhoff's first
rule (current rule)?

A. Conservation of energy
B. Couservation of current
C. Conservation of .charge

D. Conservation of momentum

21. If the solution of a network problem yields a negative current, then
most probably

A. the answer is wrong
B. the problem is insoluble

C. this is indicative of the fact that electrons (negative-
charges) are responsibie for the current

D. the current direction initially assumed is incorrect

22. For the currents' directions as chosed in the diagram on the opposite
page, write the loop equation for loop abgha starting from point a and
going around the loop in a clockwise sense.

A. ilRl + 1«2R2 + 1«|+R|+ + ilRG - El + 1«11’.'1. =0
B. -1Ry = 1,R, =, Ry - 1, Rg + €, - 131 = 0
C. “‘LlRl - 1«2R2 - 1«|+R,+ - ‘LGRG + El C- 1«11'.'1 =0

D. —ilnl - 1:2R2 - il;Rl; - iIRG - El - ilrl =0
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23.

5.0 ohms

b R,
— WA

>
—_— %R] R, 15 ohms
£ &l

12 volts

$0
:
—e Q.

10 ohms

™
—
]

= 6.0 volts

[}
~N
!

°
c

For the circuit shown in tite figure, find the magnitude of the current

|
|

through resistor R;y. J

24. The values of the components of the circuit shown below are

R, = 9.0 ohms
R, = 3.0 ohms
€, = 6.0 volts
€5 = 12 volts
r, = 0.60 ohms
r, = 0.40 ohms

where r represents the internal resistance of a source of emf. Calculate
the current 7 in the circuit.

25. For the circuit shown here, what is the potential difference across

ANV € = 4.0 volts
£ T R2 R1 = 10 ohms
—ANV
R, = 15 ohms
2
Rj
—ANWW— Ry = 20 ohms
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26. For the circnit in the diagram, what is the magnitude ot the current

in Ra?
R
1 £, = 4.0 volts
- ANA- !
El €, = 6.Q volts
R2 R, = 10 ohms
— WA
£a R? = 13 ohms
R. = 20 ohms
R, 3




(a]

(b]
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CORRECT ANSWER: 0.5 amp

The current in each series resistor is identical. Furthermore, we know
that, by definition, the equivalent resistance of a circuit is the resist-
ance of a resistor that can replace all the components of the circuit
without changing the circuit's characteristics; i.e., without changing
the current delivered by the source of emf.

The equivalent resistance of the given circuit is

+ R, = R, = 12 ohms

7 = V/R = 6/12 = 0.5 amp

This is the current in each of the resistors.

CORRECT ANSWER: 18 watts

[N

The power can be computed using one of the following three expressions

B

It is immaterial, of course, which one we use. The information available
to us determines this. For the present problem we were given V, the po-
tential difference across the terminals of the battery; the equ1va1ent
resistance of the circuit is 2.0 ohms. Thus the power delivered by the
baitery is

P = %E- gi- %ﬁ = 18 watts

Note the equivalent resistance for this circuit is.

] L
[

or

=
]

2.0 ohms
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[b]
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CORRECT ANSWER: 0.18 amp

If we designate the current in each resistor as indicated in the drawing

{ AAA—
€ —h
1
R,
: AN ' Xo
L 4
€ '2
2
R,
A
- |
we obtain, using the loop theorem, 3
€, = ;R ¥+ ,R, - €, =0 (1)
€, = L,R, = 1 Ry = 0 (2)
and at the junction a, we have
T, +1%, -1,y = 0 (3)
Since we are looking for i3, we may rewrite (3) as
iy =iy - 1, ()

Substituting (4) into (1), we obtain

€, - €, - (%s - Lz)Rl +1,R, =€, - €

1 2 1 - %sRl + %2(Rl,+ R2) =0 (5)

2

Finally, from (2) and (5), we obtain
ele + ele

R1R2 + R2R3 + R3R1

is = = 0.18 amp (6)

TRUE OR FALSE? 1In this situation, with the directions of the currents
as shown, 7, must equal the sum of ¢, and %,.

CORRECT ANSWER: A

Since charge is neither destroyed nor created within a conductor, the same
charge per unit time (current) must pass through any two points of a series
circuit. Thus, the same current must be present in each of the resistors
connected in series. ‘



[a]

[b]
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CORRECT ANSWER: 18.3 ohms

In the circuit Ry, R,, and Ry and R, and R, are connected in parallel.
Let us calculate the equivalent resistances for these first.

The equivalent resistance for combination of Ry, Ré, and R, is

1 1 1
= =+t
Py 15 15

LN S
R, R,

ol
Gl

7 2
or

R

"

“ 5 ohms

Similarly for the combination of Rg and Ry, the equivalent resistance is

IH

1 1 1
- = 4= =
R R R6

+i=
B 5

3
10

.
(e

or
Rg = 3.3 ohms

Thus the original circuit may be replaced by the circuit shown here.

R R, A The equivalent resistance of
«ﬁ&\ AW this series circuit is:
{ R =Ry + R, + Ry

]

- ek
—— R
Gvolts | 3 s R = 18.3 ohms

TRUE OR FALSE?, The current in the circuit shown would not exceed 1/3 amp.

CORRECT ANSWER: D

Obtaining a negative current in the solution of a network problem simply
means that we ''guessed” the direction of the current incorrectly (pro-
vided, of course, our algebraic and arithmetic operations have been car~
ried out correctly). Since there are only two possible directions for
the current, however, this poses no problem. We still have a solution

to the problem, simply keeping in mind that the current has the obtained
magnitude and a direction opposite to the one assigned.
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[a] CORRECT ANSWER: 0.92 amp

The current in R; is the total current flowing in the circuit, which, by
Ohm's law, is

7'='}T{'

where R is the total
R3 resistance of the

circuit. The emf €

is 6.0 volts and

the resistances

are

R, = 5.0 ohms, R, = 3.0 ohms, Ry = 2.0 ohms, and r = 0.30 ohms

the equivalent resistance, Rp, of R, and R, is given by

1 1 1 5
RoOR TR TIVTICE

or Rp = 6/5 ohm. The total resistance R of the circuit is then

R = Rl +R,+r=5+1.2+0.3 =6.5 ohms

P

Therefore, the total current (the current in R) is

TRUE OR FALSE? 1In the final equivalent ~ircuit, all the R's are treated
as a series configuration.

[b] CORRFCT ANSWER: 2 ohms

In the given circuit the thr_. resistors are connected in parallel. There-
fore, their equivalent resistance is given by

1 1 1 1 1 1 1 6

—_ = — —_ _— e = =

R™ R "R R 1Z276%iT1z
or

R = 2 ohms




[a]
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CORRECT ANSWER: n g7 amy

Let the currents through R;, K,, and R; be 7, 7,, and ¢4, respectively.
Further, let us assume the arbitrary directions of the currents as shown
in the diagram ) '

b R2 a R3 d The current equation
AAA O~ AAN @ for the branch point
?- — — a is
2 '3 S
-t . R] —_l Ty =1y ~1i3 =0 (1)
ET h T¢,
Traversing clockwise,
the loop equation
for the loop abc
C is
€, - T,R, = 72,R; = 0 (2)

Similarly, the loop equation for the loop adc is
-€, - i3R3 + ilRl =0 ’ (3)

Substituting given values and rearranging the equations (1), (2), and (3)
become

-y + 1, -1, =0 (4)
5.0 il + 10 iz +0 =12 (5)
5,01, +0 - i5 ¢, = 6.0 (6)

Muitiplying equation (4) by -15 and adding to equation (6) we obtain
202, - 1517, = 6.0 (7)
Multiplying equation (5} by 3 and equation (7) by 2 and adding, we obtain
55 il = 48
or
7. = 0.87 amp
TRUE OR FALSE? Refefring t: ., :stion 3, the negative sign preceding e,

indicates that th: ~+zvstrsal vccurs in a direction opposite that of the
emf - in the seat.



[a]

[b]
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CORRECT ANSWER: 12.7 ohms

Since R;, R,, and Ry are ccanected in parallel, the equivalent resistance
of this group is :

11

i_yr .1 .1 1.1 1 1l
Rs Ry "Ry "Ry 5710715 3

or

R5 2.7 ohms

Thus the original circuit may be replaced by the circuit given below

Thé“thH%:gquivalent resistance is thus
R = Rg + R, = 12.7 ohms

TRUE OR T+i3E?7 If the ssat of ewmf were changed to 12 volts, the total
equivalent resistance would then be greater tham 12.7 ohms.

CORRECT ANSWER: B

The circuit uander consideration is the one appearing in the problem. Writing
Ohm's law for the current thrcugh and the voltage across each resistor, we
obtain

and

Since V1 = V2
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[a] CORRECT ANSWER: A

Vi

=0.92 amp.
, R, l R,
i} (3.0 '3y3 (2.0
ohms) ohms)

-
—————

The total curreut is given as 0.92 amp.

R 2
2 = L = = . = .
z, i;fxiig 7 3 x 0.92 = 0.37 amp
and
R
- = __—2 = _:i. 2 =
3 R, + R, 5 x 0.9 0.55 amp

Another way to view this problem is to use the equivalent resistance of
the R; -~ Ry combination; i.e., '

R.R.-
23 _ =6
R2 T R3 Rp 5 ohms

to calculate the potential difference across the combination; 1i.e.,-

Vp = 1 Ry = 0.92 x g' = 1.1 wolts
Thus,‘

i2 = ;§~= }§E-= ¢.37 amp-
and

i3'=-;§ = lil = 0.55 amp

TRUE "R FALSE? The current i leaving the R, - Ry group is less than 0.92
anp. .
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w

[a] CORRECT ANSWER: A
The mathematical expression of Ohm's law is
V = 1R (N

Therefore the ra.io of voltage to resistance is

(2)

o<
1]
v\

ihis ratio, according to the data, is the same for all three resistors,
i.e., '

<

1 .
R, = * = constant (3)
7

This means the resistors are connected in series since, in a series circuit,
the current is everywhere the same.

TRUE OR FALSE? When corresponding values 6f two variables form a constant
ratio, the variables are directly proportional to one another.

{b] CORRECT ANSWER: 1.5 amp

In the given circuit, the three resistors are connected in parallel,

i Thus, the potential difference across each one of them is the same as
' that across the battery (source of emf); namely 6.0 volts. For the

4,0 chm resistor we use Ohm's law to obtain '

1, = (6.0 volts)/(4.0 ohms) = 1.5 amp

] fc] CORRECT ANSWER: A

We follow this convention: currents flowing toward a branch point enter

the ejuation with a plus sign and current flowing away from the branch
point enter the equation with a minus sign. Note how this convention
inevitably leads to the three equations (for b, c, and g) given in answer A.

TSR

{ TRUE OR FALSE? * The current equation for point e is: 23 = 2 ~ 25 = 0
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fa] CORRECT ANSWER: 1.8 volts

If we designate the current in each resistor as shown in the diagram,

R,

1l

we obtain the following equation by using the loop theorem:
€y -~ 11R] + 73R = 0 (1)
-1,R, = T3Ry = 0 (2)
and at the junction a we have
i, + 7y - 13=20 (3)

Since we are looking for the potential drop across R, we have to solve
for 5 first. Eliminating 1, from (1) and (3) we obtain

iy = el )
37 R[R, + R,Ry + RjR,
Thus, the potential drop across Rj is
T3R3 = R 2223;1 ¥ R.R (5)
172 273 371

Substitnting numerical valires, we obtain

R R, e

1R, = 2 31 = 1.£ volts
383 ot
R,R, + RyRy + RgR,

Note that this problem may be solved by first replacinp R, and R3 with
an equivalent resistance R, and then solving for ihe current in this
modified circuit. Then we may calculate the current_i3 in Ry and fin-
ally obtain the potential difference across Rj.
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CORRECT ANSWER: 14 ohms

Since Ry and R, are cc:nected in parailel, the equivalent resistance of
this group is

- . L 1
R, ¥, B, 6.0 12
or
Ru = 4.0 ohms

Now we may repiace the original circuit by the following circuit.

R,
AR

11

-6.0 volts R,

The tc 1 equivalent resistance is

R=R

g t R3 = 14 ohms

CORRECT ANSWER: B

The statement is true regardiess of the resistances of the resistors in-
volved; i.e., the currents through resistors connected in parallel are
inversely proportional to their resistance. We can show this using the
fact that resistors in parallel have the same potential difference across
them and the mathematical statement of Ohm's law; namely

V = iR

If V is common for all resistors connected in parallel then their respec-
tive currents are given by

1; = V/Ry
i.e., the currents are inversely proportional to the resistances.

TRUE OR FALSE? For resistors of R; = 2 ohms, R, = 4 ohms, and Ry = 14 chms

~the current in each resistor would no longer be inversely proportional to

its resistance in the parallel ecircuit.



[a]

[b]
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CORRECT ANSWER: 16 chms

b

8.0o0hms i] + i:
. AANN
l2 6.0 ohms
R

[y
jl

Let the currents through the 8.0-ohm resistor and R be %, and 1, respec-

tively. Therefore, the current through the 6.0-ohm resistor is'z., + ..

However, the 8.0-ohm res._stor and R are connected in warallel; therefore,
the R drovs across the 8.0-ohm resistor and R are the same, that is

Ri,=8.01, ' ¢H)

and we are given

(zl + [4 )
2
or
24, =1, | (2)

Dividing equation (1) by equation (2) we obtain

R i2 ) 8.0 il

2 i2 1)
or

R = 16 chms

TRUE OR FALSE? T e current in R is twice the current in the 8.0-ohm
resistor.

CORRECT ANSWER: 12 ohms
In the given circuit the three resistors are connected in series. The
equivalent resistance of any number of resistors connected in series is

equal to the sum of their resistances. Hence

R = R, + R2 + Ry = 44+ 6 + 2 =12 ohms



[a]

{b]
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CORRECT ANSWER: C

The diagram shows three resistors connected in narallel. e must real-
ize that in diagrams of  this sort all lines representing conductors are
taken as perfect conductors
(zero resistivizv). Thus,
we see that all three re-
sistors are directly con-
nected across the same
source of emf ¢. Hence,
Ei 1 - the pctential difference
T 5 across each of the re-

sistors 1is equal to that
across the terminal of
the source of emf; 1i.e.,
each of the resistors

has the same voltage
across it.

CORRECT ANSWER: 0.46 amp
This is a very simple, one-loop circuit. Since e€» is larger than ¢,
we logically assign a counterclockwise direction to the current. Start-
ing from the + side of €, and going around the loop in a :ounterclock-
wise sense, we obtain by Kirchhoff's second rule (we include, of course,
the internal resistances)

-iR; - €, - 1r; - 1R, - 11, te, = 0
or
and finally

E,,"E 6.0

. & 1 *

1 = = = 0.46 amp
R1 + R2 + r1 + r, 13
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CORRI'CT ANSWER: C

Charge can neither be created nor destroved. This conservarion-of-charge
statement is related to Kirchhoff's current rule in the following wav:
If, sav, more curreat entered a circuit junction than left the junction
some of the current carriers (elecctrons) wouid have to accumulate ar
the junction. The negative charge accumulated there would set up an
electric field in a di-ection which opposes the action of thke source of
emf, eventually stopping the flow of charge (current). This situation
prevails, of course, in the process of charging a capacitor. As

we shall see in a later volume the current charging a capacitor dimin-
ishes exponentially. Electrons cannot jump from one plate to the other;
thus, they accumulate on one plate setting up an electric field which
“pushes" back additional electrons that try to come to the plate.

J

We may show the relation between conservation of charge and Kirchhoff's
current rule mathematically as well. Using the definition of current

7 = dq/dt

we may express the rule as follows:

N qu '
7k: ZEEE=O
k=1 k=1
or
N
>
udi qk=0
dt 121
giving

N
z: qy = constant

CORRLuI ANSWER: 2 wvolts

In the preceding problem we calculated the current delivered by the
source of emf to be G.5 amp. Since the resistors are connected in
series this current is present in each resistor. From Ohm’s law

V = iR

thus for the 4-ohm resistor N

V=0.5%4=2 volts



(a]

(b]
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CORRECT ANSWER: A

The 9.0-ohm and 18-ohm resistors are in parallel. Their equivalent re-
sistance R is given by

’ .J;=_l+_]'__=_3_..=.l
6.0 ohms R 9 18 18 6
or
R = 6.0 ohms

18 ohms .

o Since the same current
flows through this
. %;, equivalent resistance .
» and the additional 6.0~ohm
resistor, the voltage drop
across each one is the
same.

TRUE OR FALSE? The parallel group in this problem could be replaced
by a 6.0-ohm resistor without changing V3.

CORRECT ANSWER: "B

The directions of the various currents involved correspond to the
direction in which we go around the loop (provided we go in the
clockwise direction). Thus, all potential changes across the
resistors in this loop are negative (voltage drops). The source of
emf is traversed in the positive direction, so €; enters the equation

with a plus sign.

TRUE OR FALSE? Any time you traverse any loop in-a clockwise sense,
the voltage drops across the resistors are all negative.
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SEGMENT 31 : 1

INFORMATION PANEL _ The Ammeter

OBJECTIVE

To study the method of modifying a moving-coil galvanometer to construct
i an ammeter; to solve problems in ammeter applications.

The design of most laboratory ammeters is based on the basic moving-coil
meter movement. An ammeter of this type must be inserted in series with
i the circuit in which the current is to be measured. If the addition of
: ' the instrument is not to change
the initial current seriously,
Re P the equivalent resistance of the
? , M, G meter must be very small. The
resistance of a typical pivoted
; _ . A . coil in a modern galvanometer
? —— ] A —] may range from about 10 ohms to
. 100 ohms, and a current of the
C order of a fraction of a milli-
§ R _ampere to a few milliamperes will
? H ordinarily produce a full-scale

deflection of the indicating
needle.

FIGURE 1 To convert the ?asic galv?n?meter
, to an ammeter with a specified
? full-scale deflection, a low re-
sistance called a shunt is con-
nected in parallel with the coil
. as indicated in Figure 1. 1In a typlcal practlcal situation, one may know
i the following values:

‘ 1 = the total line current to be measured, or at least its
} ) maximum value for given changes in circuit conditions;
. R, = the resistance of the galvanometer coil;

H .

ic £ the coil current that will cause a full-scale deflection.

i A It would then be necessary to calculate the resistance that the shunt must

] have to insure that a given maximum line current will produce a full—scale
deflection of the instrument.

é‘ . ‘ next page
<
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N

continued

To obtain the equation needed for calculating the shunt resistance Rg
we apply Kirchhoff's rules as follows: (For junction point A)

(current rule) 1 -1.~-1g =10 or ig = 1 = i¢

(voltage rule) 1.Re + TRy = 0 or igRg = TcRe

Solving the latter equation for Rg:
Rg = TcRc/ig

and substituting the equivalent of the shunt current as obtained from
the current rule:

Re = 5=——— R
S 71_1,(: C

For example, suppose we have a galvanometer which deflects full-scale
for a coil current of 1.00 milliampere. The resistance of the coil is,
say 20.0 ohms, and we wish to convert it to an ammeter that will read
full-scale when the line current is 2.00 amperes. The required shunt

resistance is then:

1.00 x 10~3 20
¥ 2.00 - 1.00 x 16-3 *

Rg

Rg = 1.00 x 102 ohms (to 3 significant digits)

The resistance of the shunt is, therefore, very small; this helps us
meet the requirement that the equivalent resistance of the ammeter be
very small, hence such an instrument inserted in series with the circuit
to be measured will not make the current after insertion very different
from the current before the meter was inserted.

The basic Kirchhoff rule equations may be used to solve virtually every
problem .involving  ammeters and ammeter applications.

ERIC
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SEGMENT 31 . 3

PROBLEMS

1. The resistance of the coil of a pivoted coil galvanometer is 10.0 ohms
and a current of 0.0200 amp causes a fu'l-scale deflection. It is desired
to convert this galvanometer into an ammeter reading 10.0 amps full-scale.
The only shunt available has a resistance of 0.0300 ohms. What resistance
R must be connected in series with the coil so that the ammeter will read

properly?

2. An ideal ammeter would have
A. infinite resistance:! °
B. zero resistance

C. a lower resistance than the sum of all other resistances
in the circuit

D. a high resistance connected in parallel with it

3. Suppose we want to measure the current thru the resistor R of the
accompanying civcuit, i.e., the resistor enclosed in the box. Of the six

R . points, a, b, ¢, d, e,
b 4 and £, shown in the
circuit, select the
point(s) at which an
ammeter must be con-
nected for measuring
this current.

VA —AMAMN—] d

A.' any of the points will do
B. either b or ¢

C. either ¢ or d

D. only c
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4. A low resistance (shunt) is connected across the coil of an ammeter
A. to protect the meter from high current surges

B. to reduce the resistance of the meter-shunt combination
below the resistance of the circuit resistors

C. to enable the ammeter to read higher currents

D. to prevent overhrating of the meter

5. A milliammeter with a maximum-deflection of 100 x 10~3 amp is to be
converted to read in the range O to 1 amp by means of a shunt. What
must be the resistance of the shunt if the milliammeter has zn internal
resistance of 45 ohms?

6. A microammeter which has a maximum deflection for 7 = 10.0 x 10~% amp
is converted to read in the range of 0 to 1.00 x 1073 amp by means of a
5.00~ohm shunt. What is the internal resistance of the'meter?

ERIC
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SEGMENT 31 ' 5

INFORMATION PANEL _ The Voltmeter

OBJECTIVE

To study the method of modifying a moving-ccil galvanometer to construct
a voltmeter; to solve problems in voltmeter applications.

The moving-coil galvanometer described in the previous Infurmation Panel
in this Segment may be converted to a voltmeter by connecting a relatively
high resistance called a multiplier in series with the coil as shown in .
Figure 1.

Since a voltmeter measures the

Rm R, potential difference between two
——-‘\Nﬁv-(::>-JvNﬁr——— points, its terminals are joined
to these points directly by con-

necting wires. - Thus, to use a
voltmeter it is not necessary to
break into a circuit to insert it;

Q
-—————

e it is connected in parallel with
-the component across which the
$< \V »é potential difference is to be
+ - measured.

When a seat of emf is connected
to an open circuit, its terminal
voltage is equal to its emi. A
voltmeter with its associated
multiplier resistance, however, is a closed circuit in which a current

FIGURE 1

‘must exist in order for the imstrument to operate. As a result of the

voltmeter current, a voltage drop will occur across the internal re-
sistance r of the source of emf so that the voltmeter will read Zless
than the actual value of the emf, that is,

(voltmeter reading) V = € - Z,r
where iv is the voltmeter current. Like the ammeter, the voltmeter can
seriously change the woltage it is supposed to be measuring unless it is
designed to take an insignificant amount of current. This means that
the equivalent resistance of the instrument (coil resistance plus multi-
plier resistance) must be made as high as possible.

next page
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continued

To calculate the required value of the multiplier, the following char-
acteristic values must be known:

V = the total potential difference or voltage to be measured,

or at least the maximum value anticipated;

Rc = the resistance of the galvanometer coil;

1

1c I the coil ‘current required for full-scale deflection.

The current in the voltmeter coil (and, of course, in the multiplier
resistance in series with the coil) is given by:

v
“c T Ry + Re

where R = the multiplier resistance. Thus:
\Y
Rp =7 - R
m =i c

To illustrate the use of this relationship, suppose we calculate the
multiplier resistance Ry required to convert the galvanometer used in
the example in the first Information Panel to a 0 to 10-volt voltmeter.
This galvanometer has a full-scale coil current of 1.00 milliampere,
and a coil resistance of 20.0 ohms. Substituting:

_ 10.0
Rm = 3760 x 10-3 20

10,000 ohms (to 3 significant digits)

Rm

In this section, you will be asked to

(a) determine the value of a certain resistance, given a specific
voltmeter, its internal resistance, and its reading when connected in
series with the resistance across a given line voltage;

(b) calculate the reading of a voltmeter, given the resistance
across which it is connected, a resistor in series with it, and the
current in the circuit;

(c) calculate the ratio of a ''true' voltage to the voltage

measured by a given voltmeter in a specific circuit.

ERIC
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SEGMENT 31 ' 7

7. A 150-volt voltmeter has a resistance of 20,000 onms. When connected
in series with a large resistance R across a 110-volt line the meter reads
5.0 volts. Find the resistance R.

8. A voltmeter generally consists of a galvanometer with a

A. high resistance connected in parallel with the
coil

B. low resistance connected in series with the coil
C. low resistance connected in parallel with the coil

D. high resistance connected in series with the coil

9. In the diagram shown below € = 110 volts and the internal resistance
of the source of emf is negligible. Let R, = 100 ohms, R, = 151 ohms,

R, = 50 ohms, and the reading of the ammeter be 1.0 amp. If the internal
resistance of the
voltmeter is 80,000
ohms (or 80 kilohmws),
what is the reading
of the voltmeter?

®
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10. In the accompanying diagram, € = 200 volty and the internal
resistance of the source of emf is negligible. Let R; = 100 ohms

and R, = 100 ohms. If an inexpensive voltmeter of internal resistance
RV = 100 ohms is connected across resisto; Ry, calculate the ratio of
true voltage across R} (without the voltmeter) to the voltage read by
the voltmeter.

|

|

R, |

ET g |
I

L]

INFORMATION PANEL - : The Potentiometer

OBJECTIVE

To study the principle of the potentiometer; to apply this principle to
problems involving the measurement of unknown emf's.

As its name implies, the potentiometer is a device for measuring potential
differences. The fundamental principle of the potentiometer is the balancing
of one voltage against another in parallel with it. In the circuit of Fig~-
ure 1, there is a branch circuit containing a galvanometer in which there is
a current i, because of the potential difference across the tapped section r
of the slide wfre resistor R. This potential difference results from the
current 7 in R due to the emf of the working battery ;.

& .

—w—

| |

I

o

o

{

r

&, 2

Figure 1 . Figure 2

next page
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SEGMENT 31 ' 9

continued

In Figure 2, a second spurce of emf €2 has been introduced into the lower
branch. The direction of this emf is such that the current in the branch
can be reduced to zero (i.e., i, = 0) by a balancing process achieved by
adjusting the resistance r to the required value, so that the potential
difference across r is exactly equal to the emf of the added cell ¢..

The great advantage of the potentiometer over an ordinary voltmeter is
that at the moment of balance there is no current in the seat of emf being
measured. Thus, the wires carry no current so that errors due to line
drop or contact resistance do not occur. In addition--and of greater
importance~~there is no voltage drop across the internal resistance of

the seat of emf being measured, hence the potentiometer enables the user
to ascertain true emf rather than terminal voltage.

In practice, an arrangement such as that illustrated in Figure 3 is used

' to measure the emf of an unknown source
with high precision. In this diagram,
we have replaced e, with €, to denote
the unknown cell; we have added a
standard cell Eqg whose emf is known to
four or more significant digits; we
have omitted the internal resistances
of both cells since, at balance, the

i2=01 °_+£x " current in this branch is zero, hence
f“‘T the voltage drop across the internal

£ resistances is zero. The basic process
SWITCH fi—" for measurement consists of adjusting

the variable resistor with the switch
in the e, position unitl the galvanometer
Figure 3 deflection is zero. This resistance
'Fetting is recorded as ry. The switch
is then reset to the eg position, thus
inserting the standard cell into the
branch circuit. The.variable resistor is again adjusted until the galva-
nometer deflection is zerc, and the resistance value recorded as rg. Pro-
vided that the current in the working battery circuit (not shown in Figure 3)
remains constant, it can be shown that the following relationship now holds:

Tx

=E r—

S
S

Note that this equation can be used only when the emf of the unknown source
is compared with that of a standard cell. When the latter is not used, then
the current in the working battery loop must be known, or the emf of the
working battery must be given. -

next page
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continued

Referring to Figure 2, the value of ¢, may be calculated by applying
Kirchhoff's rules in the absence of a standard cell. For the working
battery loop we have:

€y - 2(R + rl) =0
" and for the lower loop:
€, = tr =90

Note that r, may be omitted from the calculations because iz = 0.

Solving for e,:

o r
€, = 1 = ———— €
2 R+ Ry !

The core problem in this section is based on this last relationship.
The remaining problems require that

(a) you recognize the correct circuit of a potentiometer;
(b) you demonstrate understanding of a voltage divider circuit;

(c) you be able to solve a second problem similar to the core
problem. ‘

11. 1In the circuit below, the various elements have the following
values:

. R = 100 ohms €, = 9 volts
. . I ‘
'Il r = 68 ohms 52=?
i iT r, =r, = 2 ohms
- ,5;_¥ ‘ Calculate the value of €,e
a =~ b

*ﬁ; -~ -

-

Gr—
A2 R
-
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12. Which of the following circuit diagrams best describes the
potentiometer and its use?

Ty <—‘-——o fg o—>
Ez."z gn"z
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13. The diagraw .+ sistor with a muvable tap. The ;alvanometer
has a resistance of YU ohms. The resistance between a and . is 75 ohms.
what is the resistance between b and ¢ if the current in the galvanometer
is to be 1/3 the current in wire dc? :

C d

-
~

14. The slide wire of a potentiometer has a total resistance of 200 ohms
and is 200 cm long. When it is balanced with a standard cell whose emf
is 1.0183 volts, the length of wire needed is 121.5 cm. When a dry cell
is substituted for the standard cell, the contact point is at 185.0 cm.
What is the emf of the cell to 3 significant digits?
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INFORMATION PANEL The Wheatstone Bridge

OBJECTIVE

To study the principle of the Wheatstone Bridge; to solve problems in
which the Wheatstone Bridge is used to ‘determine resistance.

The resistance of a circuit component may be measured by the voltmeter-
ammeter method or by means of an ohmmeter. The precision of these methods,
however, often leaves much to be desired. To improve precision of resist-
ance measurements, the Wheatstone Bridge is frequently employed. For your
convenience, we are presenting here
a brief discussion of the bridge
and its principle of operation.

For a more extended description,
particularly of commercial instru-
ment packages, you are referred to
your assigned reading.

As illustrated in the drawing, the
bridge consists of three known
resistors R;, R,, and R, connected
in a continuous loop which includes
the unknown resistance Ry. A sen-
sitive galvanometer G with internal
resistance r_, joins opposite corners
of the d1amo§d configuration, while
a source of emf € and a switch S

\\ are connected in series to the

S

remaining corners.

“«—O0 : Resistor R, is variable. 1In opera-
€ tion, R, is adjusted until the
galvanometer current becomes zero.
Actually, the switch S is a spring
loaded pushbutton which is tapped sharply to observe the galvanometer action;
this avoids what might be damaging currents through the delicate coil of the
instrument. As balance is closely approached, the switch is held down while
the final fine adjustment: is made on R, to achieve zero current in the
galvanometer,

next page
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continued
At balance »ints B and D are at the same potential. Thus, the voltage °
drops ar-u.. 'nd R, are equal (point A is common to R, and R,.)
Simila: y, ti ;oltage drops across Rv and R, are equal. In equation
form this w: ue written:

ilRl = isz (1)
and

TRy = TyRy (2)
or

R R

-1 =2 (3)

Rx RV |
Finally

R

g B @

With the values of R,, R2, and R, known, the value of Ry is then easily
calculated. In the iaboratory, the Wheatstone Bridge is arranged so
that Ry and R, are exactly equal to ome another. Equating R; and R,

to each other in equation (4):

R = Ry

Resistor R, may be permanently calibrated in ohms so that the resistance
Ry may be read directly from the dial of R,.
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15.

In the Wheatstone Bridge illustrated, the variahle resistor R, is
adjusted to 1550 ohms in order to make the gaivanometer current (ig)
equal to zero. What is the value of Ry in onhms?

15

16. Calculate the equivalent resis 'nce between points A and B of
the circuit shown below.

B
| N SN

N
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17. 1In the Wheatstone bridge shown here let R; = 10 ohms, € = 10 volts
and 7, = 0.40 amp. If the internal resistance of the battery is negligible,

what is the value of Ry?

A. not enough information given

B. 15 ohms
C. 10 ohms
D. 25 ohms

18. For the bridge of the prepeding question, if R, = 20 ohms, what will
be the reading of Ry when the bridge is balanced? (To balance the bridge
weans to adjust R, until ig becames zero.)




[a]

[b]

SEGMENT 31 17

CORRECT ANSWER: 4.2 x 10° ohms

We are asked to find the resistance R that causes the voltmeter to read

5.0 volts, when the voltage V is 110 volts. We can find this resistance

if we know the value of the
f\-/\ “WA—0 current.

O— W\
r=20,000 ochms

}4 ———- V=110 voits —~-—m

We know that the voltmeter has been calibrated with only the resistance
r in the circuit. Therefore, when the voltmeter reads 5.0 volts there
is a current :

'=——=. g -3
1 20, 000 0.25 x 107° amp

through it. Returning to the above circuit, we have
i(r +R) =V

or

- r = ———==2 20 x 103

v 110
7 0.25 x 103

4.2 x 10° ohms

TRUE OR FALSE? The current in r is substantially smaller than the current
in R. '

CORRECT ANSWER: C

An ammeter must be connected in series with the portion of the circuit

at which we want to measure the current. This does not mean, however,

that the ammeter must be connected right next to the particular element
(usually resistor) for measuring the current through that element. The
ammeter can be connected at any point such that there is no branch point
between it and the element of interest. For the case at hand, the current
in- R can be measured with an ammeter connected at any point in the circuit
that lies to the right of the two branch points of the circuit. Therefore,
both points, ¢ or d, are suitable for the connection of an ammeter which

-will measure the current in R.
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[a] CORRECT ANSWER: 1.5 .
The true voltage V; across R; may be found from

Vp = i7R, | (1
where

T R] + R,
Therefore

Vp = —1— 2)

T R, +R, (

When the voltmeter is connected across R,, the current through R, is

. I |
i=— Ry l |
Ry + R, + R, £ . | Rv |
Ry | |
L
and the voltage drop. across R, is : I
. R4
vV, = 1R, ' AAAY L____J
- eR, (R, + R)
= (3)-
Therefore, the voltage across R; read by the voltmeter is
V=e¢-V, (4)
The required ratio
\} \}
L. _T (5)

vV Te-v,

Substituting numerical values in equations (2), (3), (4), and (5) we
find
Vr

T = 1.5

TRUE OR FALSE? The true voltage across R; s larger than ghie voltage
read by the instrument. :




[a]

[b]

SEGMENT 31

CORRECT ANSWER: 55 ohms

If we denote the resistince betweun

19

.ud b as x and the resistance

between b and c as y, the original circuit can be represented by the

following equivalent circuit:

b
3i
X
a L r = 90 ohms
?Y x +y = 75 ohms
i 2i
r
d
—
C

Let us assume that the current through dc is 37.

current through the galvanometer is <.
we have

i(r+x%x) -2ly=20

or

r+x =2y

Combining (1) with the given data

x+y=175

we obtain the

y = 55 ohms

CORRECT ANSWER: B

An ammeter is inserted in a circuit in series
in the circuit. An ideal ammeter, therefore,
resistance so that its insertion in a circuit
current -in. the circuit. Since an ammeter has
zero-resistance ammeter is nonexistent (there
conducters except for certain metals which at

becone “smperconductors" with zero resistivity).

This means that the

Using Kirchhoff's loop rule,

)

resistance between b and ¢ (i.e., y):

with the other resistors
would have zero internal
would not change the

a coil in its mechanism, a
are no zero-resistiwity
extremely low temperatures
A good ammeter,. however,

has:'a wexy low imternal resistance so its effect on the current im cir-

cuirs im which it is used is megligible.
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[a] CORRECT ANSWER: 1.55 x 10°

Since the current in the galvanometer is zero, points a and ¢ are
equipotential. Therefore, Vg, = Vpe and Vag = V4. Let the current
through bad and bed be 1) amd 1, respectively.

Therefore,

Z
i

= 1,(500) (1)

and

iRy = ;(5.00 x 10°) ' (2)
Dividing (2) by (1), we obtain

Ry _ 5.00 x 10°

Ry 500
or
. > . 10°
Ry = ﬂo—;m—lo Ry = %— (1550) = 1.55 x 10% ohms

TRUE OR FALSE? At balance, the potential difference between points
b and d is zero since ig =-0,

[b] CORRECT ANSWER: B
We need not ooncern ourselves with the upper path of the bridge. We
know that the potential difference between points A and C is. € = 10 volts,
Since resistors R; and R, are connected im series we obtain

i3(Rp + Ry) = € = 10 volts

Thus,

€ - 1,R
1®1 10 - 4.0
Re=""Z, T 0.0 - 1> omms
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{a] CORRECT ANSWER: 5 ohms

— - — 5l
COoIL [
R

|
N J,A A

Given Data:
R, = 45 ohms
ie (max) = 100 x 1073 amp = 0.1 amp
1 (max) = 1 amp
We know that for parallel combinations of resistors
Vap = Tc Re = ZsRs
and therefore

Z
C
R. = -— R
S ig

From Kirchhoff's curremt rule,

SO
i. =171 -1c=1=0.1=0.9 amp

Substituting. in (2) we obtzin

Rg = 8:; x 45 = 5 ohms

(D)

(2)

(3)

(&)

21
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[{a] CORRECT ANSWER: 6 volts

The current illustrated is that of a potentiometer.

€,

-0
Ei F .thxAr
i .
R ]
a’ N

Kirchhoff's voltage rule for the upper loop is

e, ~t(R+ 1)) =0 (1)
and for the lower loop is

€, —ir =0 (2)

Note that there is no potential drop across r, since the current in
it is zero. (ig = 0)

Solving for e,,
€y = ir = T oo = 6 volts
1

TRUE OR FALSE? For the conditions specified, the value of r has been
adjusted to yield zero galvanometer current.




[a]

[b]

SEGMENT 31

CORRECT ANSWER: 30 ohms

Since the current in the galvanometer is zero, points B and D are
equipotential, hence

Vap = Vap  and  Vp¢ = Vpc

Therefore

i,R, = iR, | | (1)

ToRy = 7Ry (2)
Dividing (2) by (1) we obtain

Ry Ry -
R, = R, (3)

Thus,

Ry = 2? Ro = 30 ohms

TRUE OR FALSE? When the bridge is balanced, the current in R; is
equal to the current in Rj.

CORRECT ANSWER: 60 volts

The voltage across the source of emf is 110 volts (no internal
resistance). Since the total curreant in the circuit is 1 amp,
the voltage drop across Ry is

V,=171R

3 = 1,0 x 50 = 50 volts

3

Thus the potential difference across R;, R, and the voltmeter is
110 - 50 = 60 vqlts. This value then is what the voltmeter reads.

23
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[a] CORRECT ANSWER: 495 ohms

ammeter

|
|
—— ANV N—
|
{

We wish to find R¢, the resistance of the ammeter, given

1 = 1.00 x 1073 amp

¢ = 10.0 x 10~5 amp
and

R 5.00 ohms

S

Since both 75 and Rc are unknown, we need two equations in order to
find either quantity. These equations are

ig + ic =1 (Kirchhoff's first rule)
¢ Re = 25 Rg (Kirchhoff's second rule)

Solving for R;, we obtain_

isRs _ (2 = Ze)Rs . (0.99) x 10~3 x 5.00
e ic (0.0100) x 10-3

Rc=

= 495 ohms

TRUE OR FALSE? After the shunt is added, the current through the shunt
will be smaller than the current through the meter coil. :
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[a] CORRECT ANSWER: 20 ohms

The given circuit is redrawn here with a voltage ¢ applied across points
A and B. Except for a missing galvanometer this circuit is the same as
that of a Wheatstone Bridge.
Furthermore, from the values
of the resistors we note that
the bridge is balanced. Thus,
the current through the 100-ohm
resistor is zero which means
that the resistor can be
removed without changing the
characteristics of the circuit.
Once the 100-ohm resistor is
removed, the remaining circuit
is composed of two branches
connected in parallel. The
upper branch has a resistance
£ _ of 20 + 40 = 60 ohms. The

g resistance of the lower
branch is 10 + 20 = 30 ohms. Thus, the equivalent resistance of the
circuit is given by

11,1 _3
R 60 30 ~ 60
or
R = 20 ohms .

[b] CORRECT ANSWER: C

1f an ammeter deflects full-scale for a small current, it can be
modified to deflect full-scale for a large current. Most of the

large current can be diverted with a shunt resistor, and the ammeter
will read full-scale for the total current passed by the ammeter-shunt
combination, when, in fact, a very small current is passing through the
ammeter itself.
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[a] CORRECT ANSWER: 4.97 ohms

The two unknowns for this circuit are is and R. We can use Kirchhoff's
rules to eliminate Zg and find R.

R, R Re. = 10.0 ohms
&)W, Rg = 0.0300 ohms
i >
‘ ¢ i - 1 = 10.0 amp
! ) S
AN 1c = 0.0200 amp

The resulting equations are

1 =1ig + i,
and

Zc(Re + R) - ZgRg = O
Solving for R, we find

1 R
= —= - (R, + Rg)
e

o]
i

- 119%1%5921 - (10 + 0.03)

4.97 ohms

TRUE OR FALSE? The voltage drop across Rg is equal to the voltage
drop across Rc + R. .
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[a] CORRECT ANSWER: 1.55 volts

The circuit should be drawn as follows:

|
ir
i
—-CVTM%A‘“

T

€, 1,
From Kirchhoff's voltage rule, we can write the following equations:
ir, + iR = g, (1)
and
iR, = €, | (2)

From these, we obtain

€ iRy

€1 1i(r; +R)

or

Ry

2TIER S )

In this case, €1, r; and R are unknown. When €, = 1.0183 volts, then

Ro = 121.5 ohms. However, when €2 = x = the emf of the dry cell, then
R, = 185.0 ohms. (Note 1 cm of the wire has resistance of 1 ohm.)
Thus,

Jilbo = 121.5

x 185.0
and

= 1.55 volts

TRUE OR FALSE? The internal resistance of the dry cell (r,) has been
omitted from the K1rchhoff calculations because, at balance, the current

Q in it is zero.
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[a] €O -7 SWER: A

as measured by the galvanometer.
By writing down Kirchhoff's
<E‘ voltage rule for the upper and

The i, ometer is a null instrument; i.e., it makes measurement by
giving a zero reading. In
£ r this case, €, is measured
«~11o by adjusting the variable
AJ |"‘ resistance until iz = 0,
L

lower loops, we obtain

irl + iR = €9 (1)
and
i®, - e, @)

E,

Dividiee :quation (2) by equation (1) yields

€ iR
-2 - -
€, ‘L(r1 + R)

or
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. .JRRECT ANSWER: D

‘he figure shows z nigh resistance R,

- e o om - w— - = . - —— = = =

or

V= (R, + Re)Z'

inected im series with a

galvanometer of (low)
resistance Re- Most of
the c=zrrent will fellow
the path through R, so
the voltmeter (R, plus
galvanometer) will not
modify the voltage V
across R appreciably.
For the current 7'
through the galvanometer
we have

Thus, a galvanomete~ that reads in amperes (an ammeter) can be
converted to read in volts by multiplying the ammeter readings by

(R, + R¢).



